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CHAPTER  1 
INTRODUCTION 

General  Background 

One  of  the  greatest  engineering  accomplishments  in 
modern  times,  which  is  largely  responsible  for  the  nation's 
unprecedented  growth  and  standard  of  living,  is  the  2  mil- 
lion miles  of  paved  roads.  The  paved  road  system  is  the 
most  important  feature  of  the  highway  transportation  system. 
Although  the  paved  road  system  comprises  only  51  percent  of 
this  nation's  3.9  million  miles  of  roads,  it  carries  99  per- 
cent of  all  cattle,  85  percent  of  all  fruits  and  vegetables, 
and  91  percent  of  all  textile  and  leather  products  to 
retailers  and  wholesalers  [1].  It  is  also  important  to  note 
that  other  modes  of  transportation,  such  as  air,  rail,  and 
pipeline,  depend  on  the  highway  system  in  order  to  transport 
bulk  goods  from  airports,  stockyard  and  terminals  to  market 
and  consumer.  Even  a  large  percentage  of  military  equipment 
and  personnel  moves  by  road,  and  national  defense  plans 
recognize  the  importance  of  the  highway  system  for  effective 
response  for  any  military  emergency. 

The  heavy  traffic  in  the   United   States   is   primarily 
carried   by   the   interstate,   arterial,  and  collector  roads 


within  the  paved  road  system.    Even   though   they   comprise 
only   31   percent  of  the  total  highway  mileage  In  the  United 

States,  they  carry  87  percent  of  the  traffic. 

The  pavement  structure  Is  by  far  the  largest  single 
element  of  cost  within  the  highway  system.  It  represents 
between  30  and  50  percent  of  the  total  highway  capital 
expenditures  [2].  In  1981,  for  example,  the  overall  cost  of 
the  Interstate  system  was  estimated  at  about  $3  million  per 
mile  [3].  Since  the  establishment  of  the  Highway  Trust  Fund 
in  1956,  about  $74  billion  has  been  invested  in  the  inter- 
state system  by  federal  and  state  governments  and  over  $100 
billion  dollars  on  all  classes  of  pavements  [2]. 

After  25  years  of  providing  adequate  service,  the  high- 
way pavements  are  now  beginning  to  fall  apart.  By  1975  more 
than  100,000  miles  of  interstate,  arterial,  and  collector 
roads  were  already  rated  as  "fair"  and  4,000  miles  were  in 
"good"  but  degenerating  into  "fair"  condition  [1].  In  1976 
It  was  estimated  that  4  percent  of  the  Interstate  pavements 
needed  immediate  major  rehabilitation  [4].  In  1978,  this 
figure  already  Increased  to  10  percent  of  the  total  inter- 
state network  [4].  By  1980  it  was  reported  that  pavements 
were  deteriorating  twice  as  fast  as  they  could  be  rehabili- 
tated [1].  In  1981,  the  Federal  Highway  Administration 
(FHWA)  conducted  a  nationwide  study  and  estimated  that  about 
$17  billion  would  be  required  during  the  next  10   years   for 


resurfacing,  restoraclon,  and  rehabilitation  of  only  Inter- 
state pavements  to  keep  the  system  at  an  acceptable  level  of 
service  [3].  It  was  estimated  that  If  nothing  was  done  by 
1985,  pavements  would  be  deteriorating  about  three  times 
faster  [1 ] . 

The  importance  of  rehabilitating  existing  pavements  was 
first  recognized  in  the  1978  Surface  Transportation  Assis- 
tance Act  [3].  This  act  authorized  $175  million  for  fiscal 
year  1981  and  $275  million  for  fiscal  years  1982  and  1983 
for  rehabilitation,  resurfacing,  and  restoration  of  the 
Interstate  system.  Subsequently,  the  1983  Interstate  4-R 
funding  level  was  increased  to  $800  million.  For  years  1984 
through  1987,  the  Administration  bill  would  provide  levels 
of  1.3,  2.0,  2.1,  and  2.7  billion,  respectively.  Unfor- 
tunately, these  funds  are  still  not  sufficient  to  maintain 
the  highway  system  at  desirable  standards.  The  need  for 
maintaining  and  preserving  the  existing  highway  system,  pri- 
marily the  pavement  structure,  is  a  concern  of  all  highway 
agencies . 

The  Need  for  Pavement  Management 


In  recent  years  state  and  federal  highway  agencies  have 
been  working  extensively  in  trying  to  develop  a  systematic, 
efficient,   flexible,   and   cost-effective    procedure    for 


scheduling  maintenance  and  rehabilitation  activities  on 
existing  pavements  rather  than  constructing  new  ones.  Indi- 
ana, for  example,  has  constructed  only  384  miles  during  the 
last  20  years  and  the  1984  and  1985  estimates  for  new  con- 
struction are  only  10.1  and  8.8  miles,  respectively.  Many 
state  highway  agencies  have  already  developed  and  imple- 
mented these  procedures  which  became  known  as  Pavement 
Management  Systems,  or  simply  PMS .  At  the  present  time 
Arizona,  California,  Florida,  Idaho,  Kentucky,  New  York, 
Ohio,  Utah,  Washington  and  Texas  have  developed  systematic 
procedures  for  scheduling  maintenance  and  rehabilitation 
activities  at  both  the  network  and  project  levels 
[5,6,7,8,9,10,11,12,13,  52]. 

One  of  the  most  Important  aspects  which  should  be  con- 
sidered in  the  development  of  any  pavement  management  system 
is  that  the  procedure  should  be  able  to  evaluate  alternative 
maintenance  and  rehabilitation  strategies  for  all  types  of 
pavements,  not  only  on  a  yearly  basis,  but  in  a  multi-year 
framework.  It  should  also  be  able  to  accomplish  the  follow- 
ing goals : 


1.  It  should  be  simple  so  it  can  provide  the  necessary 
Information  to  the  decision-makers  in  the  most  direct 
and  productive  manner. 


2.  It  should  be  flexible  so  It  can  be  modified  and  updated 
within  a  relatively  short  period  of  time. 

3.  It  should  be  management  oriented  so  it  can  provide 
information  on  optimal  number  of  miles  to  be  resurfaced 
under  a  given  set  of  resource  constraints  such  as 
budget,  materials,  equipment,  manpower,  and  so  on. 

Background  of  the  Research  Study 

The  Indiana  Department  of  Highways  (IDOH)  through  the 
Research  and  Training  Center  (R&TC)  has  been  collecting 
pavement  roughness  measurements  on  a  continuing  basis  for 
the  entire  highway  system  since  1979  and  pavement  friction 
measurements  since  1970.  These  data  are  summarized  annually 
along  with  other  information  which  includes  average  daily 
traffic  (ADT)  in  one  direction,  surface  type  and  texture, 
contract  number,  length,  and  last  time  a  major  rehabilita- 
tion was  performed.  This  information  is  distributed  to  Dis- 
trict and  Central  Office  personnel  and  currently  forms  the 
basis  for  most  of  the  decisions  related  to  major  rehabilita- 
tion primarily  in  the  interstate  system.  Surface  roughness 
number  of  a  section  is  an  indicator  of  highway  user  percep- 
tion about  the  rideability  of  the  section.  Low  skid  resis- 
tance measurements  are  good  indicators  of  how  slippery  a 
particular  pavement  section  is.  Although  this  information  is 


very  useful  in  Identifying  pavement  sections  exceeding  the 
minimum  acceptable  values  established  by  the  state  on  any 
given  year,  they  are  not  useful  in  the  process  of  selecting 
those  miles  that  have  the  greatest  need  given  a  constraint 
in  terms  of  the  amount  of  money  available  for  major  rehabil- 
itation. For  an  effective  management  approach,  it  is  neces- 
sary to  have  a  mathematical  model  that  can  answer  questions 
such  as : 

1.  Which  specific  pavement  contract  sections  as  well  as 
how  many  miles  of  road  should  be  rehabilitated  during  a 
given  year  or  during  the  time  frame  specified  with  the 
available  budget? 

2.  What  type  of  maintenance  strategy  should  be  applied  to 
the  pavement  contract  sections  selected  in  order  to  use 
the  total  available  budget  in  the  most  cost-effective 
manner? 


3,  How  many  additional  lane-miles  can  be  improved  if  the 
budget  is  increased  by  a  certain  percentage? 

4.  How  much  additional  budget  is  required  to  upgrade  the 
pavement  condition  of  the  entire  network  or  a  part  of 
it  to  a  minimum  acceptable  level? 


Status  of  Indiana  Highways 


The  state  of  Indiana  has  an  extensive  pavement  network 
which  consists  of  approximately  91,700  miles  of  roads  and 
streets  of  which  about  30,000  corresponds  to  the  Federal- 
aid  primary  and  secondary  system  [14].  Tables  1.1  and  1.2 
show  the  mileage  distribution  according  to  present  servicea- 
bility rating  (PSR)  and  functional  classification  during 
1981  for  rural  and  urban  roads,  respectively  [14].  It  can 
be  noted  that  although  a  very  few  miles  are  classified  as 
being  "deteriorated"  (6.8  percent  and  1.2  percent  for  rural 
and  urban  roads,  respectively),  nevertheless  there  is  a  very 
high  percent  of  roads  within  the  "fair"  category  (56.4  per- 
cent and  44.9  percent  for  rural  and  urban  roads,  respec- 
tively). This  means  that  unless  something  is  done  soon  a 
large  number  of  pavement  sections  is  likely  to  fall  in  the 
"deteriorated"  category  in  the  near  future.  These  percen- 
tages correspond  to  12,979  miles  in  the  rural  system  and 
2,531  miles  in  the  urban  system.  In  so  far  as  the  interstate 
rural  system  in  Indiana  is  concerned,  only  20.9  percent  is 
classified  in  "fair"  condition,  but  is  rapidly  degenerating 
into  "poor"  or  "deteriorated"  condition.  On  the  other  hand, 
the  interstate  urban  system  has  only  3  percent  classified  in 
"fair"  condition  and  degenerating  into  "poor"  condition. 
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In  so  far  as  the  entire  highway  network  is  concerned, 
the  pavements  in  Indiana  are  in  much  better  condition  as 
compared  to  the  nation's  average  present  serviceability  rat- 
ings (see  Figures  1.1  and  1.2).  These  figures  clearly  show 
that  the  percent  of  miles  deteriorated  in  both  rural  and 
urban  Interstate  systems  are  less  than  the  national  average 
of  5.6  percent  and  6.3  percent,  respectively  [14]. 

Traffic  is  a  major  factor  which  has  been  shown  in  the 
past  to  be  significant  in  predicting  the  remaining  life  of 
pavements.  The  effect  of  accumulated  traffic  over  time  cou- 
pled with  the  effect  of  climate  is  very  critical.  Table  1.3 
shows  the  Average  Dally  Traffic  (ADT)  distribution  in  Indi- 
ana as  well  as  the  national  figures  for  the  interstate  rural 
system  during  1981.  It  is  Interesting  to  note  that  over  95 
percent  of  Indiana's  rural  interstate  system  carries  an  ADT 
in  excess  of  8,000  vpd.  This  value  is  quite  high  considering 
that  only  57  percent  of  the  total  rural  interstate  system  in 
the  nation  carries  an  ADT  in  excess  of  8,000  vpd.  The  high 
levels  of  traffic  in  the  aging  interstate  rural  system  in 
Indiana  Indicates  that  an  immediate  attention  Is  needed  in 
this  segment  of  the  Indiana  highway  system. 


Furthermore,  the  effect  of  inflation  coupled  with  the 
lack  of  adequate  rehabilitation  funds  in  the  past  to  resur- 
face in  full  those  pavement  sections  already   classified   as 
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"poor"  makes  the  situation  even  worse.  This  has  been 
reflected  dramatically  in  non-interstate  pavements  resurfac- 
ing projects  in  Indiana,  particularly  during  the  period  of 
1979  through  1983  (see  Figure  1.3  (a)).  In  1979  about  980 
center-line  miles  were  resurfaced  in  contrast  to  only  80 
center-line  miles  rehabilitated  in  1983,  a  reduction  in 
mileage  of  almost  92  percent  or  900  center-line  miles  [15]. 
In  the  interstate  resurfacing  program,  on  the  other  hand, 
the  number  of  center-line  miles  resurfaced  during  the  same 
period  of  time  has  been  more  or  less  constant,  ranging 
between  45  to  55  center-line  miles  per  year  (see  Figure 
1.3(b)).  This  trend  changed  dramatically  during  calendar 
year  1983  since  the  number  of  miles  resurfaced  during  this 
year  increased  over  100  percent  as  compared  to  1982.  The 
estimates  for  calendar  year  1984  for  both  interstate  and 
non-interstate  resurfacing  programs  are  encouraging. 

In  summary,  even  though  the  pavement  network.  in  the 
state  of  Indiana  is  in  much  better  condition  than  the  pave- 
ments in  the  nation  as  a  whole  and  the  budget  estimates  are 
expected  to  increase  dramatically  during  the  following 
years,  there  is  still  a  need  for  developing  a  systematic 
procedure  to  allocate  rehabilitation  funds  in  a  cost- 
effective  manner. 
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Figure  1.3  Center  Line  Miles  and  Budget  Estimates 

for  (a)  Non-Interstate  and  (b)  Interstate 
Resurfacing  Programs  in  Indiana  (1979-84). 
[15] 
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Purpose  and  Scope  of  the  Study 

The  purpose  of  this  research  project  is  to  develop  a 
systematic  procedure  In  terms  of  a  mathematical  model  for 
allocating  maintenance  and  rehabilitation  funds  to  existing 
pavements  within  the  state  of  Indiana.  This  procedure  can 
be  used  by  Indiana  Department  of  Highways  (IDOH)  as  part  of 
its  pavement  management  system.  This  work  primarily  docu- 
ments efforts  made  to  formulate  two  optimization  models  using 
a  zero-one  integer  programming  approach  which  is  expected  to 
lead  to  a  more  realistic  and  rational  way  of  establishing 
candidate  projects  for  major  rehabilitation  at  the  network 
level  PMS . 

In  order  to   develop   and   implement   the   mathematical 
models,  several  tasks  were  performed: 

1.  Equivalent  performance  indices  were  developed  for  those 
performance  factors  which  were  felt  to  be  the  most  sig- 
nificant in  reflecting  the  current  condition  of  pave- 
ment sections.  Different  indices  were  developed  for 
different  types  of  pavements  (flexible,  rigid,  and  CRC) 
and  highway  classes  (interstate  and  state  highways). 


2.  A  performance  function  was  developed  to  take  into 
account  the  different  types  of  rehabilitation  stra- 
tegies and  the   associated   reduction   in   the   overall 
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pavement   distresses   present   In  pavement  section  Just 
prior  to  resurfacing. 

3.  Two  pavement  condition  surveys  were  conducted.  The 
first  condition  survey  was  performed  on  pavement  sec- 
tions located  within  the  interstate  system  and  previ- 
ously classified  as  a  "poor"  section.  The  second  survey 
was  on  pavement  sections  located  within  the  Crawfords- 
ville  District  to  take  into  account  the  different  dis- 
tresses present  on  sections  with  different  traffic  dis- 
tributions and  different  design  criteria  as  compared  to 
interstate  pavements. 


4.  Two  major  computer  programs  were  written.  The  first 
program  was  used  to  aggregate  the  skid  and  roughness 
inventories  collected  by  the  Research  and  Training 
Center  (R&TC)  during  the  years  1979  through  1982  into 
one  master  file  which  ultimately  was  used  to  select 
those  sections  which  were  classified  as  being  in  "poor 
condition  as  input  to  the  Optimization  program.  The 
second  computer  program  was  developed  to  generate  the 
coefficients  required  for  the  optimization  program.  A 
listing  of  the  second  program  is  included  in  the  appen- 
dix. 
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5.  Regression  equations  for  predicting  future  roughness  as  a  func- 
tion of  the  current  roughness  number  were  developed  for  each 
interstate  route  and  pavement  type  combination, 

6.  An  optimization  program  called  LINDO  (Linear  Interactive  and 
Discrete  Optimizer)  was  adopted  to  run  the  mathematical  formu- 
lations developed  in  this  study. 

Organization  of  the  Report 

The  present  report  consists  of  eight  chapters.  Chapter  2  is  a 
review  of  the  current  pavement  management  practices  in  the  United 
States  and  abroad.  Chapter  3  identifies  the  performance  factors 
considered  in  this  study  and  the  criteria  used  for  selecting  them. 
Chapter  4  summarizes  the  results  of  the  pavement  condition  surveys 
conducted  as  a  part  of  this  study.  Chapter  5  describes  the  pro- 
cedure used  in  the  development  of  the  performance  function.  The 
stochastic  characteristics  of  roughness  numbers  are  also  Introduced 
in  this  Chapter.  Chapter  6  provides  the  details  pertaining  to  the 
development  and  formulation  of  the  optimization  models.  The  appli- 
cation of  the  optimization  models  to  the  Indiana  interstate  highway 
network  is  covered  in  detail  in  Chapter  7.  The  conclusions  and 
recommendations  for  further  research  in  this  area  are  outlined  in 
Chapter  8. 

There  are  five  appendices  to  this  report  and  they  are  included 
in  Vol.  III.  Appendix  A  shows  the  geographic  location  of  pavement 
sections  surveyed  during  the  pavement  condition  survey  conducted  in 
fall,  1982.   Appendix  B  contains  tables  with  the  predicted  roughness 


19 
numbers  for  the  pavement  sections  located  in  the  interstate  system. 
A  sample  problem  showing  the  application  of  the  optimization  program 
to  the  interstate  highway  network  is  presented  in  Appendix  C.  The 
results  of  the  sensitivity  analysis  conducted  on  the  budget  is 
included  in  Appendix  D.  A  listing  of  the  computer  program  used  to 
generate  the  coefficients  for  the  optimization  program  is  presented 
in  Appendix  E. 
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CHAPTER  2 
LITERATURE  REVIEW 

Introduction 
This  chapter  provides  an  overview  of  the  pavement 
management  programs  currently  used  by  some  of  the  state 
highway  departments  across  the  nation.  The  benefits  derived 
from  implementing  a  pavement  management  system  (PMS)  as  well 
as  the  major  items  required  in  implementing  a  PMS  are 
described.  The  need  for  a  pavement  monitoring  program  and 
the  key  issues  involved  in  establishing  one  are  also 
addressed  in  this  chapter.  Indiana's  status  in  implementing 
a  pavement  management  system  is  also  discussed.  Finally, 
the  optimization  techniques  used  in  existing  PMS  are 
reviewed . 

Definition  of  Pavement  Management  System 

Pavement  management  system  (PMS)  is  a  concept  which 
involves  the  coordination,  scheduling,  and  accomplishment  of 
all  activities  performed  by  a  highway  agency  in  the  process 
of  providing  adequate  pavements  for  the  road  user 
[16,17,18,19,20].  Specifically,  a  PMS  should  assist 
decision-makers  in  determining  optimal  strategies  for  pro- 
viding and  maintaining  pavements  in  a  serviceable  condition 
over  a  pre-determined  period  of  time  [21,22]. 
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Pavement  management  is  not  a  new  concept.  Management 
decisions  are  often  made  as  part  of  normal  operations  every 
day  in  the  state  highway  departments  throughout  the  nation. 
These  decisions,  however,  are  generally  judgmental  and  often 
are  not  based  on  objective  data.  In  many  cases,  these  deci- 
sions may  lead  to  the  choice  of  an  alternative  which  may  not 
be  cost-effective  in  the  long  range.  A  rational  PMS  can 
improve  the  efficiency  of  the  decision-making  process  by 
providing  feedback  information  on  pavement  performance, 
pavement  maintenance,  pavement  rehabi lit  at  ion  act i vl t les  and 
the  cost  of  providing  and  maintaining  pavements.  The  ulti- 
mate goal  of  a  PMS  is  therefore  to  achieve  the  best  use  pos- 
sible for  the  public  funds  allocated  to  pavement  maintenance 
and  rehabilitation. 


Most  of  the  pavement  management  activities  are  classi- 
fied into  two  administrative  levels,  namely  the  network  and 
the  project  level.  At  the  network  level  the  decisions  are 
made  for  a  group  of  projects  or  for  an  entire  network  such 
as  the  interstate  system  or  the  state  highway  system.  At  the 
project  level  the  primary  concern  is  a  specific  maintenance 
type  for  a  section  of  highway. 
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Major  Items  In  Implementing  a  PMS 

Pedigo  and  Hudson  [19,22,23]  have  outlined  a  series  of 
items  which  must  be  considered  in  the  successful  implementation 
of  a  pavement  management  system.   These  are: 

1.  Decision  to  start 

2.  Preparation   of   goals,   objectives,   and    preliminary 
budget 

3.  Commitment  from  top  management 

4.  Preliminary  work  plan  and  formation  of  technical  group 

5.  Establishment  of  a  steering  committee 

6.  Development  of  a  detailed  work  plan 

7.  Evaluation  of  hardware  and  software  needs 

8.  Development  of  a  preliminary  system  both  at  the  network 
and  project  level 

9.  Testing  and  verification  of  the  preliminary  system 
10.   Demonstration  of  the  second-stage  system 

11  .   Locate  PMS  activity  in  organizational  structure 

12.  Acceptance  of  the  PMS   for   implementation   on   a   full 
scale  basis 

13.  Routine  operation  of  the  system 

14.  Improvement  and  maintenance  of  the  PMS 

Although  there  are  numerous  items  that  need  to  be  con- 
sidered in  implementing  a  complete  pavement  management  sys- 
tem, it  is  generally  agreed  that  full  support  by  top  manage- 
ment officials  and  the  decision  to  start  to  develop  the  sys- 
tem are  the  most  important  items.   It  is   not   necessary   to 
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develop  the  complete  system  all  at  one  time.  After  the  sys- 
tem is  initiated,  it  can  be  modified  and  updated  while  it 
continues  to  provide  useful  data  for  decision-making. 

Need  for  a  Pavement  Monitoring  Program 


In  order  to  implement  an  efficient  pavement  management 
program,  it  is  essential  to  establish  a  formal  monitoring 
system.  Lytton,  et  al.  [24]  have  outlined  some  of  the  key 
issues  and  benefits  involved  in  establishing  a  long-term 
pavement  monitoring  program.   These  are  summarized  below: 

1.  A  need  to  identify  specific  data  elements  to 
collect, how  to  measure  them,  which  equipment  to  use, 
the  frequency  of  measurement  both  over  time  and  within 
a  network  and  project,  the  method  of  storage  and 
retrieval  of  data,  and  how  to  analyze  and  evaluate  the 
data. 

2.  A  firm  commitment  for  continued  support  from  the 
decision-makers  is  essential. 

3.  A  need  to  use  carefully  planned  sampling  surveys  and 
regression  equations  to  reduce  the  data  collection 
effort  to  a  minimum. 

4.  An  effective  pavement  monitoring  program  can  provide 
the  required  data  for  cost-allocation  studies,  for 
analyzing  pavement  deterioration  rates  and  to  access 
the  relative  damage  attributable  to  traffic  and 
environmental  factors,  and  determination  of  the  optimum 
time  to  rehabilitate. 

5.  A  management  program  must  use  optimization  techniques 
to  ensure  the  most  cost-effective  funding  and  timing 
strategies  are  used  on  each  pavement  section  in  the 
network. 

6.  A  long  term  pavement  monitoring  program  can  pay  for 
itself  only  If  it  is  integrated  into  an  overall  state- 
wide pavement  management  process. 
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The  scope  of  the  present  research  project  is  aimed 
toward  Item  5,  the  development  of  an  optimization  model  to 
be  used  as  part  of  Indiana's  pavement  management  system. 

The  following  sections  describe  the  available  pavement 
management  systems  and  current  pavement  management  practices 
used  by  several  state  and  provincial  highway  departments . 

Current  Pavement  Management  Techniques 

Alberta 


Alberta  Transportation  developed  the  Pavement  Informa- 
tion and  Needs  System  (PINS)  as  part  of  their  efforts  in 
implementing  a  pavement  management  system  in  the  province  of 
Alberta,  Canada  [23]. 

PINS  has  several  modules,  these  Include  a  series  of 
performance  prediction  models  and  various  data  processing 
and  analysis  programs  which  take  the  individual  field  meas- 
urements and  calculate  performance  measures  such  as  the 
Pavement  Quality  Index  (PQI),  Riding  Comfort  Index  (RCI), 
Structural  Adequacy  Index  (SAI),  and  Visual  Condition  Index 
(VCI)  which  are  then  used  as  input  to  the  performance  pred- 
iction models  which  then  assist  decision-makers  in  identify- 
ing present  and  future  needs. 
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PINS  is  not  a  complete  PMS  since  it  does  not  have  the 
capability  to  optimize  the  present  and  future  needs.  On  the 
other  hand,  it  does  have  the  capability  of  ranking  the  sec- 
tions in  the  order  of  their  improvement  needs  and  in  terms 
of  the  performance  parameters. 

Arizona 


The  Arizona  Department  of  Transportation   has   recently 

implemented   a   pavement   management  system  that  consists  of 

three  phases  [5,26,27,28]: 

I.   Development  of  models  to  optimize   the   design   of   new 
construction  and  major  maintenance 

II.  Verification  of  models  with  actual  data  and   the   crea- 
tion of  a  computerized  data  base 

III.  Development  of  a  network,  optimization  system  (NOS) 

The  heart  of  Arizona's  PMS  is  the  Network  Optimization 
System  (NOS)  developed  during  phase  III.  The  optimization 
model  used  by  NOS  is  based  on  the  formulation  as  a  Markovian 
decision  process  and  converted  to  a  linear  programming 
model.  Six  performance  factors  are  used  as  input  to  the 
optimization  algorithm.   These  are: 

1.  average  daily  traffic,  ADT  (3  levels) 

2.  regional  factor  (3  levels) 

3.  index  to  first  crack  (5  levels) 
A.   present  roughness  (3  levels) 
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5.  present  amount  of  cracking  (3  levels) 

6.  change  In  amount  of  cracking  during  the   previous   year 
(3  levels) 

Seventeen   rehabilitation   actions   Including    routine 

maintenance   are  considered  by  NOS  for  asphalt  pavements  and 

two  rehabilitation  actions  for  concrete  pavements. 

Another  Important  Input  factor  to  the  NOS  program  Is 
the  set  of  transition  probabilities  associated  to  each  road 
category.  A  transition  probability  is  defined  by  ADOT  as 
the  proportion  of  roads  in  condition  1  that  moves  to  condi- 
tion j  in  one  year  if  the  k  rehabilitation  action  is 
applied.  Arizona  developed  the  transition  probabilities 
from  regression  equations  developed  from  a  sample  of  pave- 
ment performance  data  from  their  network. 

California 

The  California  Department  of  Transportation  (CALTRANS) 
has  developed  and  Implemented  a  PMS  which  emphasizes  an 
organized  approach  to  pavement  rehabilitation,  and  a  struc- 
tural systems  approach  for  the  management  of  existing  pave- 
ments [6,29].  CALTRANS's  PMS  is  divided  into  six  major 
stages.  First,  an  inventory  is  made  of  the  existing  pave- 
ment condition.  Second,  the  extent  and  severity  of  the  pave- 
ment condition  is  measured.  Third,  appropriate  maintenance 
repair  strategies  are   Identified.    Fourth,   cost-effective 
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strategies  and  feasible  alternatives  for  candidate  projects 
are  Identified.  Fifth,  maintenance  strategies  are  related 
to  the  corresponding  CALTRANS  highway  program  structure. 
Sixth,  candidate  projects  for  each  CALTRANS  highway  program 
component  within  each  Transportation  District  are  organized 
on  a  statewide  basis  as  well  as  for  other  regional  group- 
ings . 

CALTRANS  has  also  developed  rating  systems  for  both 
flexible  and  rigid  pavements.  The  severity  and  extent  of 
each  pavement  distress  are  taken  Into  consideration  in  the 
selection  of  the  proper  rehabilitation  strategy  (see  Figures 
2.1  through  2.4).  Thus  the  primary  function  of  CALTRANS  PMS 
is  to  correlate  pavement  problems  with  feasible  maintenance 
strategies.  The  condition  survey  is  scheduled  once  every 
two  years. 

Colorado 

The  city  of  Arvada  in  Colorado  has  developed  a  computer 
program  for  their  pavement  evaluation  and  management  system 
(PMS)  which  relies  heavily  on  the  pavement  condition  rating 
and  the  ADT  [30] . 

The  pavement  rating  score  Is  computed  by  deducting 
points  from  an  initial  score  of  100  based  on  the  extent  and 
severity  of  the  different  types   of   pavement   distress   and 
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ride  quality.  The  equation  used  Is  as  follows: 

PRS  -  100  -   D  (2.1) 

where: 

PRS  "  pavement  rating  score; 
D   ■  summation  of  the  Individual  deduct  value  for 
the  various  distress  observed. 

The  rehabilitation  procedure  Is  based  on  the  extent  and 
severity  of  the  existing  distresses  present  and  the  amount 
of  traffic  carried  by  the  facility.  The  procedure  is  very 
similar  to  the  one  developed  In  California  [6,29]  . 

An  empirical  equation  Is  used  to  produce  priority  lists 
and  Is  as  shown  below: 


(C/L)  [-^Y^]  [F]  (2.2) 


where : 


C  ■  cost  of  the  specific  rehabilitation  alternative 

chosen  as  appropriate  for  a  specific  section; 
L  -  length  of  the  pavement  to  be  rehabilitated; 
ADT  »  average  dally  traffic; 
CI  -  pavement  condition  rating  Index  score; 
F  ■  1.0  If  street  Is  not  Industrial  or  a  bus  route, 
1.1  If  street  Is  an  Industrial  classification 
or  a  bus  route; 
P  "  priority  Index. 
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Pavements  with  the  highest  value  of  P  are  those  which 
in  most  cases  will  have  the  highest  cost  with  respect  to  the 
length  of  the  section  to  be  rehabilitated  and  will  also  be 
In  a  poor  condition  as  indicated  by  the  condition  rating 
score . 

Construction  Engineering  Research  Laboratory,  U.S.  Army 

The  U.S.  Army  Construction  Engineering  Research  Labora- 
tory (CERL)  has  developed  a  computerized  pavement  mainte- 
nance and  management  system  called  PAVER  [31,32].  The  com- 
puter program  relies  heavily  on  the  Pavement  Condition  Index 
(PCI)  and  the  deduct  curves  which  were  originally  developed 
for  airfield  pavements  and  military  installations  [33,34]. 
PAVER  consists  primarily  of  a  data  base  (see  Figure  2.5)  and 
a  set  of  report  generator  programs.  The  PAVER  computer  pro- 
gram, In  its  present  format,  considers  roughness  and  skid 
resistance  In  a  subjective  manner.  The  program  does  not 
take  Into  account  deflection  measurements,  and  therefore, 
there  Is  no  subroutine  to  design  overlays  based  on  deflec- 
tions . 
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Figure  2.5  Structure  of  PAVER  Data  Base.   [31] 
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Denmark 

The  Danish  pavement  maintenance  and  rehabilitation 
management  system  (DMS)  as  reported  by  Ullldtz  [35]  consists 
of  four  steps: 

1.  Inventory  of  existing  pavement  network  (riding  quality, 
structural  adequacy,  etc.) 

2.  Benefit/Cost  Analysis 
3  .   Opt imlzat  ion 

4.   Consequence  Analysis 

Of  primary  interest  is  the  optimization  phase.  First, 
the  solutions  of  each  sub-section  are  ranked  according  to 
decreasing  benefit/cost  ratios  and  uneconomical  solutions 
are  discarded,  and  the  optimization  model  is  then  applied. 
The  problem  is  formulated  as  a  0-1  integer  programming  (IP) 
model  using  a  heuristic  procedure  suggested  by  Mahoney  et  al 
[36 ]  .  The  procedure  finds  solutions  very  close  to  the  con- 
tinuous optimal  linear  programming  solution.  The  IP  solu- 
tion is  the  combination  of  maintenance  strategies  which  will 
result  in  the  maximum  benefit  obtainable  with  the  available 
budget.  The  model  has  the  capability  to  generate  informa- 
tion for  three  to  five  years  Into  the  future. 

Florida 


The  Florida  Department  of   Transportation   developed   a 
pavement   management  system  to  assist  decision  makers  in  the 
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process  of  allocating  funds  for  rehabilitation  [8,37,38]. 
In  this  system,  highways  are  evaluated  on  the  basis  of  their 
engineering  rating  (ER).  The  engineering  rating  (ER)  Is  a 
combination  of  the  operational  or  ride  rating  (OR),  which  Is 
a  measure  of  the  roadway  ability  to  handle  traffic,  and  the 
structural  or  distress  rating  (SR),  which  Is  a  measure  of 
the  roadways  structural  condition.  The  equation  used  to  com- 
pute the  ER  is  shown  below: 


ER  -  \ |0R  X  SR  (2  .3) 

The  change  In  engineering  rating  ( AER)  is  computed  for 
each  pavement  section  under  a  given  maintenance  strategy 
along  with  the  resulting  cost-effectiveness  (CE)  index  for 
the  strategy.   The  CE  index  is  represented  by: 

_    AER  X  APT  X  LENGTH  (24) 

Present  Worth  Dollars 

Based  on  these  three  terms,  those  projects  having  the 
lowest  initial  ER,  highest  AER  and  largest  CE  value  will  be 
assigned  the  highest  priority.  The  resultant  is  adjusted  to 
a  value  from  1  to  100  to  indicate  the  priority  with  respect 
to  all  other  projects  in  consideration. 

The  available  funds  are  then  allocated  to  the  six  high- 
way districts  by  program  category  and  year.  The  district 
then  selects  projects  for  each  of  the  25  program   categories 
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using  the  priority  lists  as  a  starting  point. 

The  friction  number  is  not  considered   in   the   initial 
phase  of  priority  setting,  but  is  handled  separately. 

Idaho 


The  Idaho  Transportation  Department  (IDT)  has  developed 
a  pavement  management  system  which  essentially  is  a  modifi- 
cation of  Utah's  Pavement  Performance  Management  Information 
System  (PPMIS).  The  system  begins  with  a  comprehensive 
inventory  of  structural  adequacy,  pavement  riding  quality, 
surface  distress  and  skid  resistance  [13,39,40].  Each  of 
these  measurements  is  converted  to  an  index  ranging  from  0 
(very  poor)  to  5  (very  good).  The  pavement  sections  are 
then  ranked  on  the  basis  of  a  final  index  which  is  a 
weighted  average  of  the  structural  (deflection),  cracking 
(distress),  and  PSI  (roughness)  indices.  The  index  also 
takes  into  account  different  traffic  levels  as  well  as  the 
functional  classification  of  the  highway.  The  final  index 
(FI)  is  calculated  using  the  following  equation: 


where : 


FI  -  0.47  [F^(PSI)^*^  +  F2(SI)^*^  +  F3(DI)^*^] 


PSI  ■  Present  serviceability  index; 
SI  ■  structural  index; 
DI  -  distress  Index; 


(2.5) 
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F.jF-fF,  -  weighting  functions  that  take  Into  account 

traffic  and  highway  functional  classification 

The  final  index  along  with  the  other  Indices  are  used 
to  produce  priority  list  of  needs,  both  in  the  form  of  sum- 
mary tables  as  well  as  graphs. 

The  program  has  also  the  capability  for  overlay  design. 
The  graphs  and  summary  tables  are  directed  to  assist  deci- 
sion makers  at  the  network  level  while  the  overlay  design 
subroutine  assists  in  decisions  at  the  individual  project 
level . 

The  analysis  performed  in  PPMIS  does  not  consider  the 
optimality  of  network  Improvements.  Therefore,  the  program 
cannot  be  considered  a  complete  pavement  management  system. 

Illinois 

The  University  of  Illinois  has  developed  a  computerized 
system  for  state  and  nationwide  evaluation  of  portland 
cement  concrete  (PCC)  pavements  [41,42].  The  objectives  of 
the  concrete  Pavement  Evaluation  System  (COPES)  is  to  pro- 
vide a  procedure  to  periodically  collect  and  evaluate  data 
from  in-service  concrete  pavements. 
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COPES  was  developed  to  Include  three  conventional  types 
of  pavements:  Jointed  plain  concrete  pavements  (JPCP), 
jointed  reinforced  concrete  pavements  (JRCP),  and  continu- 
ously reinforced  concrete  pavements  (CRCP).  COPES  concen- 
trates on  distress  as  the  primary  indicator  used  in  improv- 
ing design,  construction,  and  maintenance  procedures, 
although  other  performance  indicators  such  as  roughness, 
pavement  serviceability,  structural  non-  destructive  testing 
(NDT),  and  skid  resistance  are  also  included  in  the  system. 
These  performance  indicators  are  considered  in  the  determi- 
nation of  rehabilitation  needs. 

COPES,  however,  is  not  a  complete  pavement  management 
system  (PMS),  nor  is  It  a  maintenance  management  system 
(MMS).  However,  it  provides  an  excellent  basis  upon  which 
to  develop  a  comprehensive  pavement  management  system. 

New  York 


New  York  Department  of  Transportation's  effort  in 
establishing  a  pavement  management  system  has  been  aimed  at 
the  identification  of  deficient  pavement  sections  [9].  To 
accomplish  this  task,  a  graphical  representation  of  the 
pavement  surface  profile  versus  milepost  number  is  con- 
structed from  the  data  collected  during  the  monitoring 
phase.  The  area  under  the  curve  is  integrated  and  then 
averaged   for  the  pavement  section  being  considered  in  order 
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to  characterize  the  energy  disturbance  present  at  the  run- 
ning speed.  The  resulting  value,  termed  the  "E-value",  is 
calibrated  and  then  correlated  with  the  present  rideabillty 
index  (PRI)  which  in  turn  is  determined  by  a  panel  rating. 
Minimum  acceptable  rating  values  are  used  to  identify  "can- 
didate" and  "essential"  projects. 

Ohio 

The  Ohio  Department  of  Transportation  (ODOT)  developed 
a  Pavement  Maintenance  Management  System  (PMMS)  which 
includes  four  primary  components  [12,43,44]: 

1.  Development  of  network  monitoring  criteria,  including 
monitoring  parameters  (i.e.  skid  number,  deflection, 
roughness,  and  visual  distress),  maintenance-needs 
indicators  or  "trigger  values",  present  serviceability 
index(PSI)  and  friction  number  testing  requirements  and 
deterioration  rates. 

2.  A  pavement  condition  rating(PCR)  system,  including  a 
system  for  rating  visual  distress,  field  verification 
of  the  PCR,  and  identification  of  the  need  for  struc- 
tural investigation. 

3.  A  system  for  determining  project  priorities  and  select- 
ing the  optimal  repair  method,  including  prioritization 
based  on  condition,  formulation  of  maintenance  alterna- 
tives and  economic  analysis,  and  selection  of  optimal 
maintenance  alternatives,  and 

4.  Establishment  of  new  data  banks  such  as  a  pavement  sec- 
tion files,  pavement  condition  files,  and  the  priority 
maintenance  file. 

The  most  Important  aspect   of   the   Ohio   PMMS   is   the 

method  of  establishing  priorities.   The  parameters  which  are 

used   by   Ohio   to   establish   maintenance   priorities    are 
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roughness  (PSI),  friction  number  (FN),  and  pavement  distress 
(PCR).  At  the  present  time  pavement  distress  is  considered 
the  most  important  in  the  priority  system  while  roughness 
and  friction  number  are  of  lesser  importance.  Traffic  is 
considered  in  the  priority  system  primarily  in  urban  dis- 
tricts . 

Ontario 


The  Ontario  Ministry  of  Transportation  and  Communica- 
tions has  developed  a  racing  procedure  to  determine  the 
priority  of  rehabilitation  needs  [^5,46,47,48,49].  The  rat- 
ing procedure  combines  the  riding  quality  of  the  pavement 
with  the  type,  severity,  and  extent  of  the  pavement  dis- 
tresses. The  Riding  Comfort  Rating  (RCR)  is  a  subjective 
rating  of  riding  quality  which  ranges  from  0-10. 

Riding  quality  is  measured  at  50  mph  and  is  Judged  by 
the  same  rating  team  which  performs  the  condition  survey. 
User's  manuals  including  standard  rating  forms  have  been 
prepared  for  the  two  types  of  pavements.  Guidelines  are 
presented  in  the  user's  manual  to  assist  the  rater  in 
assigning  a  Pavement  Condition  Rating  to  the  pavement  sec- 
tion in  question  (see  Table  2.1). 

An  alternative  method  called  the  Distress  Index  (DI) 
has   also   been   developed.    This   method  combines  both  the 
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Altcrnativ* 


Rating 


Pavcfliant   Current   Condition 


Reconstruct  pavvment 
Mithin  2  years 


0-20  Pavement  is  in  poor  to  very  poor 

condition  uiith  extensive  severe 
cracking,  alligatoring  and  dishing. 
Rideability  is  poor  and  the  surface 
is  very  rough  and  uneven. 


Reconstruct  pavement 
In  2  to  3  years 


20-30 


Pavement  is  in  poor  condition  u/ith 
moderate  alligatoring  and  extensive 
severe  cracking  and  dishing. 
Rideability  is  poor  and  the  surface 
is  very  rough  and  'Uneven. 


Reconstruct  pavement 
in  3  to  4  years 


30-40 


Pavement  is  in  poor  to  fair  condition 
uith  frequent  moderate  alligatoring 
and  extensive  moderate  cracking  and 
dishing.  Rideability  is  poor  to  fair 
and  surface  is  moderately  rough  and 
uneven. 


Reconstruct  pavement 
in  4  to  3  years  or 
resurface  uithin  2  years 
with  extensive  padding 


40-50 


Pavement  is  in  poor  to  fair  condition 
with  frequent  moderate  cracking  and 
dishing,  and  intermittent  moderaT:e 
alligatoring   Rideability  is  poor  ta 
fair  and  surface  is  moderately  rough 
and  uneven. 


Resurface  pavement 
in  3  years 


30-&S 


Pavement  is  in  fair  condition  utith 
intermittent  moderate  and  frequent 
slight  cracking. and  mith  intermi ttunt 
slight  or  moderate  alligatoring  and 
dishing.  Rideability  is  fair  and 
surface  is  slightly  rough  and  uneven. 


Resurface  pavement         65-75 
in  3  to  5  years 


Pavement  is  in  fairly  good  condition 
with  frequent  slight  cracking,  sligfit 
or  very  slight  dishing  and  feui  areas 
of  slight  alligatoring.  Rideability 
is  fairly  good  uith  intermittent 
rough  and  uneven  sections. 


Routine  Maintenance 


75-90 


Pavement  is  in  good  condiwion  tuith 
fT'equent  very  slight  cracks. 
Rideability  is  good  with  feu  slightly 
rough  and  uneven  sections. 


No  llaintenace  Required     90-100 


Pavement  is  in  excellent  condition 
uith  feu  cracks.  Rideability  is 
excellent  with  few  areas  of  slight 
d  istort ion. 


Table  2.1  Ontario's  Guidelines  for  Estimating  Pavement  Condition  Rating 
for  Flexible  Pavements.   [46] 
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riding  comfort  (RCR)  and  distress  manifestations   (DM)   into 
one  composite  equation  [49]. 

Pennsylvania 

The  Pennsylvania  Department  of  Transportation  uses  the 
Mays  Ride  Meter  to  compute  the  present  serviceability  index 
(PSI).  This  value  is  compared  with  a  Terminal  Serviceability 
Index  (TSI)  to  decide  whether  or  not  a  corrective  action  is 
required  [50,51].  The  TSI  values  were  determined  from  the 
PSI  distributions  corresponding  to  each  of  the  highway  func- 
tional classification.  The  PSI  value  which  was  exceeded  95 
percent  of  the  time  was  taken  as  the  TSI.  The  TSI  values 
for  each  of  the  five  functional  classification  of  highways 
used  by  Pennsylvania  DOT  are  shown  in  Table  2.2. 

The  Road  Rater  is  used  to  evaluate  the  structural 
adequacy ( 1  .  e .  overlay  thickness  requirements)  of  those  pave- 
ment sections  which  has  a  PSI  below  the  TSI  for  its  func- 
tional classification. 

South  Dakota  DOT 


The  South  Dakota  Department  of  Transportation  (SDDOT) 
has  developed  a  methodology  which  uses  a  weighted  factor 
approach,  for  setting  priorities  among  resurfacing  projects 
[92]  .    A  list  which  contains  all  the  possible  elements  that 
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can  affect  the  performance  of  the  pavement  structure  is 
first  developed.  An  importance  value  curve  is  then 
developed  for  each  element  in  order  to  convert  all  objective 
measurements  of  each  element  into  a  standard  scale  of  0  to 
10.  Each  element  is  assigned  a  priority  ranking  weight 
based  on  experience  and  on  the  immediate  needs  of  the  agency 
(see  Table  2.3).  A  priority  ranking  value  is  calculated  for 
each  candidate  resurfacing  project  by  summing  the  products 
of  the  importance  value  and  the  priority  ranking  weights  for 
all  the  elements.  The  importance  value  curves  have  been 
adjusted  to  take  into  account  different  traffic  volume  lev- 
els as  well  as  the  functional  classification  of  the  highway 
segment  in  question. 

Texas 


The  Texas  Department  of  Highways  and  Public  Transporta- 
tion developed  a  visual  examination  procedure  to  evaluate 
and  establish  maintenance  priorities  [52].  Different  visual 
examinations  and  rating  procedures  are  used  for  pavement, 
shoulder,  roadside  and  drainage  features,  and  traffic  ser- 
vices. The  pavement  condition  rating  is  computed  by  sub- 
tracting deduct  values  related  to  the  different  types  of 
pavement  distresses  from  100.  A  deduction  to  take  into 
account  the  PSI  of  the  pavement  section  is  also  included  in 
the   pavement   condition   rating.    A  user's  manual  has  been 
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prepared  to  be  followed  by  the  rating  team  which  describes 
the  different  types  of  distresses  as  well  as  the  method  to 
establish  the  extent  and  severity  of  them. 

A  computer  model  called  PRPOl  has  been  developed 
recently  by  Gutierrez  and  McCullough  [53]  to  schedule  reha- 
bilitation of  rigid  pavements  in  Texas  within  a  certain 
period  of  time.  The  input  data  are  condition  survey  infor- 
mation of  a  set  of  rigid  pavements  for  the  same  year.  The 
solution  is  obtained  using  distress  models,  i.e.,  distress 
indices  and  distress  prediction  equations. 

Utah 


The  Utah  Department  of  Transportation  collects  four 
types  of  information  in  order  to  asses  the  current  condition 
of  the  pavement  structure.  These  are  [11,54,55,56]: 

1.  Present   Serviceability   Index   (PSI)   using   the   Mays 
Readme ter 

2.  Pavement  Distress  based  upon  visual  survey 

3.  Structural  Adequacy    using   the   Dynaflect   deflection 
measurements 

4.  Friction  Number  using  the  Mu  Meter 

Pavement  distress  and  structural  adequacy  are  quanti- 
fied in  terms  of  an  index  between  0  and  5  in  order  to  have 
the  same  units  as  the  PSI  measurements.  The  average  of 
these   three   values   is  then  computed  for  each  section.   In 
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those  sections  where  the  ADT   is   very   high,  the   PSI  is 

weighted   more   heavily  to   account   for  user  costs.  If  the 

truck  traffic  is   high,  then   the   structural  adequacy  is 
weighted  more  heavily. 

The  overall  index  is  then  used  to  prepare  priority 
listings  which  are  then  distributed  to  district  offices,  as 
well  as  to  the  planning  and  programming  sections.  This 
information  is  used  to  determine  types  and  timing  of 
required  improvements,  the  degree  to  which  corrections  are 
needed,  and  the  overall  priority  ratings  of  the  proposed 
improvement.  Three  categories  of  rehabilitation  projects 
are  identified  using  the  listing  combined  with  judgment  of 
the  district  directors.  The  first  category  includes  those 
pavement  sections  which  must  be  done  Immediately.  The 
second  category  consists  of  those  which  can  afford  to  be 
delayed.  The  third  category  refers  to  those  sections  which 
are  in  need  of  significant  reconstruction  (severe  geometric 
problems  as  well  as  pavement  distresses). 

Washington 


The  Washington  State  Department  of  Transportation 
(WSDOT)  developed  a  pavement  management  system  for  both  the 
project  and  network  levels  over  a  period  of  five  years 
[10,57,58]  .  . 
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The  system  has  essentially  four  major  components: 

1 .  Master  File 

2.  Interpreting  Program 

3.  Project-Level  Optimizing  Program 

4.  Network-Level  Program 

The  Master  file  is  essentially  the  heart  of  the  system. 
It   uses   the  milepost  limits  of  the  most  recent  paving  con- 
tracts as  the  common  denominator  to  combine  information  from 
five  existing  data  files,  namely: 
1  .   Road  Life  Data 

2.  Geometric  Data 

3.  Traffic  Data 

4.  Friction  Data 

5.  Pavement  Condition  and  Roughness  Data 

The  Interpreting  program  fits  performance  curves  to  the 
ratings  to  predict  future  pavement  performance  and  the 
potential  time  of  rehabilitation. 

The  Project-Level  Optimizing  Program  utilizes  the  per- 
formance equations  developed  by  the  interpreting  program  to 
establish  the  most  cost-effective  rehabilitation  strategy 
for  each  project. 


The  Network-Level  program  is  actually  a  summarizing 
program  which  combines  the  performance  of  existing  projects 
as  analyzed  by  the   interpreting   program,   and   recommended 
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time  of  rehabilitation  as  determined  by  the  project-level 
optimizing  program,  to  establish  a  six-year  rehabilitation 
program. 

At  the  present  time,  WSDOT  is  using  the  performance 
curves  produced  by  the  interpreting  program  to  set  priori- 
ties among  pavement  sections  for  rehabilitation.  The  output 
of  the  project-level  optimizing  program  and  network-level 
program  are  used  by  the  highway  districts  as  guidelines  in 
preparing  future  rehabilitation  programs. 

Existing  Pavement  Evaluation  Methods 

Most  of  the  highway  agencies  that  have  implemented 
pavement  management  programs  collect  one  of  the  following 
four  types  of  data  to  assist  decision  makers  in  establishing 
maintenance  and  rehabilitation  needs: 

1.  Roughness  (riding  quality) 

2.  Surface  distress 

3.  Structural  evaluation  (surface  deflection) 

4.  Skid  resistance  (surface  friction) 

The  following  paragraphs  summarize  the  most  important 
features  regarding  the  above  factors  for  those  agencies 
which  have  implemented  a  pavement  management  system. 


51 


Roughness  and  Riding  Quality 

In  Table  2. A  a  summary  Is  presented  of  the  procedures 
used  by  highway  agencies  to  measure  roughness.  With  the 
exception  of  New  York,  and  Ontario,  all  other  agencies  use  a 
ride  meter  (I.e.  PCA  or  Mays  roadmeter)  to  measure  pavement 
roughness.  New  York,  has  developed  an  electronic  device  to 
measure  pavement  surface  profile  and  Ontario  uses  a  subjec- 
tive rating  procedure  to  assess  the  riding  quality  of  pave- 
ments. 

Surface  Distress 

In  Table  2  .5  a  summary  Is  presented  of  the  procedures 
used  by  highway  agencies  to  evaluate  pavement  surface  condi- 
tion. In  summary,  most  of  the  highway  agencies  divide  the 
network  Into  small  segments,  one-mile  Increments  being  the 
most  commonly  used.  Cracking,  rutting,  and  patching  are  the 
pavement  distresses  most  commonly  evaluated.  The  extent  of 
the  pavement  condition  surveys  depends  upon  the  size  of  the 
network  In  question.  One  to  two  year  frequency  Is  most  com- 
mon . 

Pennsylvania  and  New  York  do  not  conduct  pavement  con- 
dition surveys  on  a  routine  basis,  however,  they  occasion- 
ally spot  check  selected  projects. 
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Table   2.4      Summary  of  Methods  Used  by  Agencies   to  Measure  Roughness 


Agency  ~  ComM*ntt 

-  (lays   rid*   meter  used    to   rate   annu«llg.     Pdnel    rating 
Arizona              -    used    to    develop  a    Rideabilitij    Index    that    is    different 

-  from  PSI. 


California   -  Use  PCA  ride  meter,  but  ride  score  is  not  part  of 
-  pavement  distress  evaluation. 

CERL         -  Roughness  is  considered  in  a  subjective  manner 


-  Mays  ride  meter  correlated  to  CHLOE  prof i lometer. 
Florida      -  Determine  Ride  Rating  <RR)  based  on  calibration  for 

-  each  vehicle. 


Idaho        -  CoK  (PCA)  road  meter  is  used  for  each  mile  and  converted 

-  to  present  serviceability  index  (PSI) 

Illinois     -  Roughness  is  considered  in  a  subjective  inanner 
(COPES) 

-  Use  (J.  M.  Profilometer  as  well  as  a  ride  iTieter. 
Kentucky     -  Ride  meter  used  for  ride  quality  corre  1.3 1 ion.  Roughness 

-  Index  <RI)  correlated  to  PSI  based  on  contract  length 

New  York     -  Unique  mobile  vehicle  response  profiler  which  is  very 
'-  sensitive.  Entire  system  is  monitored  annually. 

Ohio         -  Mays  meter  is  used  to  collect  roughness  data,  but  is  not 

-  used  for  routine  monitoring. 

Ontario      -  Subjective  rating  of  ride.  Determine  Riding  Comfort 

-  Index  (RCI). 

Pennsylvania-  Mays  road  meter  is  used  to  rate  the  network  annucilly. 

-  All  data  tied  to  CM.  profilometer  previously  used. 

Texas        -  Mays  road  meter  correlated  with  Surface  Dynamics 

-  Profilometer  on  0.2  mile  sections  on  an  annual  basis. 

Utah         -  Cox  (PCA)  road  meter  on  one  mile  increments.  Roughness 

-  reported  in  terms  of  present  serviceability  index  (PSI) 

Washington   -  Cox  (PCA)  road  meter  on  all  sections  and  ride  score  is 

-  is  used  as  part  of  overall  rating. 
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Table  2.5   Summary  of  Methods  Used  by  Agencies  to  Evaluate  Surface 
Condition 


Agvncy         —  Coamantt 

Arizona        -  Crack  survey  is  primary  •valuation  using  standard  photos 

—  Structural  defects  such  as  crackingi  ruttingi  etc.  are 
California     -  rated  for  extent  and  sevsrity  annualltj  for  interstate< 

—  3  to  4  years  min.  of  others.  Different  rating  method 

—  for  flexible  and  rigid  pavements. 

—  The  Pavement  Condition  Index  (PCI),  uhich  is  based  on 
CERL           —  deduct  values,  is  used  to  evaluate  suri=ace  condition. 

—  The  rating  method  takes  into  account  the  extent  and 

—  severity  of  all  pavement  distresses. 

—  Photographs  similar  to  Arizona,  are  used  to  evaluate 
Idaho          -  tho  condition  of  the  pavement  surface.  Condition  survey 

—  conducted  on  2  to  3  gear  cycles. 


-  The  Pavement  Condition  Index  (PCI).  iDhich  is  Based  on 
Illinois  -  deduct  values,  is  used  to  evaluate  surface  condition. 
<COPES)        -  The  rating  method  takes  into  account  the  extent  and 

-  severity  of  all  pavement  distresses. 

Kentucky       -  Use  surface  condition  rating  as  feedback  for  design 

-  deficiencies  rather  than  routine  monitoring. 

Neui  York       -  Nona  made  routinely 

-  Based  on  the  Pavement  Condition  Rating  (PCR)  uihich  is  a 
Ohio           -  numerical  index  reflecting  the  composite  effects  of 

-  varying  distress  types,  severity,  and  extent.  Baseo  on 

-  tho  deduct  value  concept. 

-  Pavement  Condition  Rating.  PCR  determined  by  rater  as 
Ontario        -  set  forth  in  manuals.  One  or  two  qsar    freq.uency.  Ride 

-  and  distress  combined  to  determine  Distress  Index.  CI. 

Pennsylvania   -  Not  made  at  present 

-  Structural  defects  measured  objectively  based  on  visual 
Texas           —  rating.  Vehicle  mounted  camera  provides  basis  for  dis- 

-tress  rating  on  candidate  projects  only 

-  Detailed  evaluation  of  cracking,  rutting,  patching,  etc 
Utah            —  on  500  ft.  of  one  mile  sections  made  by  photo  1  og g  iny. 

-  Both  subjective  and  objective  analysis  are  used. 

-  Structural  defects  such  as  cracking  and  rutting  are 
Washington     —  measured  every  other  year  on  a  subjective  basis. 

-  A  200  ft.  of  one  mile  section  is  evaluated. 
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Structural  Evaluation-Deflection 

In  Table  2.6  a  summary  of  the  procedures  used  by  high- 
way agencies  to  measure  structural  adequacy  is  presented. 
In  summary,  most  of  the  highway  agencies  measure  deflection 
by  using  the  dynaflect,  road  rater,  or  benkelman  beam.  How- 
ever, only  the  state  of  Utah  measures  deflection  on  a  rou- 
tine basis.  The  common  practice  is  to  measure  deflections 
at  specified  or  selected  locations,  usually  at  critical  sec- 
tions as  detected  by  other  measurements  such  as  roughness, 
pavement  condition  survey,  and  so  on.  These  pavement  sec- 
tions are,  in  most  cases,  candidates  for  reconstruction, 
therefore  the  deflection  measurements  are  primarily  used  to 
establish  overlay  requirements* 

Skid  Resistance  (Surface  Friction) 

In  Table  2.7  a  summary  of  procedures  used  by  highway 
agencies  to  measure  surface  friction  is  presented.  All  the 
states  measure  surface  friction  either  by  using  the  ASTM 
skid  trailer  or  the  Mu  Meter.  The  frequency  of  testing 
depends  upon  the  size  of  the  network,  but  most  states  meas- 
ure the  entire  system  annually  to  every  three  years.  Even 
though  most  states  measure  surface  friction  on  a  routine 
basis,  they  do  not  consider  these  data  in  their  initial 
priority   setting   procedure.    Instead,   this    information 
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Table  2.6  Summary  of  Methods  Used  by  Agencies  to  Measure  Structural 
Adequacy 


Agency         —  Conuncnts 

Arizona        -  Dynaflect  deflections  at  three  locations  per  mile. 

—  but  not  used  for  routine  monitoring. 

California     -  Dynaflect  deflections  used  in  design  but  not  for 

-  routine  monitoring. 


CERL  -  Does  not  take  into  account  deflection  measurements 

Florida        -  Does  not  take  deflections  into  account. 

-  Oynaflect  is  used  to  measure  deflections.  For  netuork 
Idaho           -  survey  tu/o  deflections  measurements  per  mile.  For  over- 

-  lay  design  purposesi  10  tests  per  mile  on  selected 

-  sections. 


Illinois       -  Deflection  measurements  can  be  incorporated  using  any 

<COPES)        -  type  of  non-destructive  testing  (NDTJ  device. 

Kentucky       -  Road  rater  deflections  at  specific  locations  for 

-  design  evaluation  only  and  not  for  routine  monitoring. 

New  York       -  Docs  not  take  deflections  into  account. 

Ohio  -  Dynaflect  is  used  to  measure  deflections,  but  not  on  a 

-  routine  basis. 

-  Dynaflect  deflections  measured  at  random  locations 
Ontario         -  for  pavement  sections  in  need  of  rehabilitation. 

Pennsylvania   -  Road  rater  deflections  used  to  evaluate  selected 

-  sections  uihich  have  reached  terminal  serviceability 

Teias  -  Dynaflect  deflections  measured  at  critical  locations 

-  only  and  not  for  routine  monitoring. 

-  Dynaflect  deflection  measurements  used  to  predict 
Utah            —  remaining  life  based  on  projected  18-kip  loads.  One 

-  test  per  mile  with  temperature  corrections.  Measured 

-  on  candidate  projects  only 

Washington     -  Benkelman  beam  is  u^ed  to  measure  deflections  for 

-  selected  locations>  but  not  used  for  routine  monitoring 
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Table  2.7   Summary  of  Methods  Used  by  Agencies  to  Measure 
Surface  Friction 


Agency       —  Coniflicnts 


Arizona      -  Mu  meter  used  for  500-ft.  section  uiithiri  each  mile 

-  for  the  entire  sgstem  on  an  annual  basis 

California   -  ASTM  skid  trailer  is  used  per  iod  ical  lij. 

CERL        -  Skid  resistance  is  considered  in  a  subjective  manner. 

Florida      -  ASTM  Skid  trailer  is  used  to  measure  jkid  resistance> 

—  houever>  is  measured  as  part  of  a  separate  sgstem. 


-  Mu  meter  and  ASTM  skid  trailer  are  used.  Skid  trailer  is 
Idaho        -  currently  used/  one  test  at  each  milepost  for  the  entire 

-  system  annually. 

Illinois     -  Skid  resistance  in  taken  in  a  subjective  mannert  but  it  can 
(COPES)      -  incorporate  measurements  made  with  skid  trailer. 

Kentucky     -  ASTM  Skid  trailer. 

,  -  ASTM  Skid  trailer  covers  entire  system  about  every 
New  York     -  three  years.  Test  every  0.  1  mile  or  0.2  mile   Data  is 

-  a  separate  system  used  primarily  for  accident  surveilance. 


-  Skid  trailer  is  used  on  an  annual  basis  on  the  Interstate 
Ohio         -  and  Primary  System  with  the  secondary  system  on  a  tujo  to 

-  three  year  cycle.  Pavement  sections  having  high  inciJance 

-  of  accident  are  tested  on  a  more  concei^.trated  sampling. 

Ontario      -  Information  was  not  available. 

Pennsylvania-  ASTM  skid  trailer. 

Texas        —  ASTM  skid  trailer  is  used  to  test  entire  netu/ork  annually. 

Utah         -  Mu  meter  is  used  on  uiet  pavement.  A  1/4  mile  section 

-  within  a  mile  is  tested.  The  entire  system  is  tested  on 

-  an  annual  basis. 

-  ASTM  skid  trailer  is  used  to  check  high  accident  locations. 
Washington   —  The  entire  system  is  rated  every  ether  year  and  a  one  mile 

-  section  is  used.  Data  is  part  of  a  separate  system. 
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becomes  part  of  a  separate  data  system  used  only  to  detect 
those  pavement  sections  which  fall  below  a  specified  trigger 
value,  normally  taken  as  30. 

Status  of  Indiana's  PMS 

The  Indiana  Department  of  Highways  (IDOH)  is  currently 
in  the  process  of  developing  a  pavement  management  system 
for  the  Interstate,  Federal-aid  primary,  and  Federal-aid 
secondary  system  (see  Figure  2.6). 

In  1931,  roughness  measurements  were  performed  on  98.4 
percent  of  the  testable  miles  for  the  Interstate  system,  on 
93.5  percent  of  the  Federal-aid  primary  system  and  91.8  per- 
cent of  the  Federal-aid  secondary  system. 

Friction  testing  was  conducted  on  97.4  percent  of  the 
Interstate  mileage,  73.9  percent  of  the  Federal-aid  primary, 
and  46.2  percent  of  the  Federal-aid  secondary  system. 

Dynaflect  measurements  are  made  on  selected  projects, 
primarily  on  those  pavement  sections  which  showed  a  high 
roughness  number  and  are  badly  deteriorated. 

During  1982  the  State  developed  rating  forms  for  both 
flexible  and  rigid  pavements.  These  forms  were  used  to  rate 
those  pavement  sections  which  have  a  roughness  number 
greater   than  1400  counts  per  mile  for  asphalt  pavements  and 
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2000  for  concrete  interstate  pavements. 

Predicting  equations  have  been   developed   to   estimate 
friction  life  and  PSI  life. 


The  pavement  management  efforts  have  the  full  support 
of  top  management.  A  pavement  management  task,  force  was 
established  during  the  fall  of  1982  to  address  the  State's 
Immediate  needs  and  to  decide  the  course  of  action  to  be 
taken  in  order  to  implement  successfully  a  pavement  manage- 
ment system  in  Indiana. 

In  order  for  Indiana  to  be  fully  able  to  Implement  a 
pavement  management  program,  It  is  necessary  to  develop 
appropriate  optimization  techniques  to  ensure  that  the  most 
cost-effective  funding  and  timing  strategies  are  employed  on 
each  pavement  section  of  the  network. 

An  Overview  of  Optimization  Techniques  Used  in  PMS 

Linear  Programming 

The  Arizona  Department  of  Transportation  has   developed 
an   optimization  model  for  their  pavement  management  system. 
The  model  was  formulated  as  a   constrained   Markov   decision 
process  converted  to  a  linear  programming  framework  [27,28,29]. 
The  objective  of  the  optimization  model   Is   to   select   the 
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least-cost   maintenance   policies   while   achieving   minimum 
standards  on  road  conditions. 


Integer  Linear  Programming 

Lu  and  Lytton  developed  a  computer  program  using  a 
zero-one  Integer  linear  programming  technique  for  determin- 
ing optimal  maintenance  strategies  [36],  The  model  maxim- 
izes the  overall  effectiveness  of  maintenance  activities 
subject  to  constraints  such  as  limited  resources  and  minimum 
requirements  of  pavement  quality  and  service  life.  It  uses 
the  current  pavement  condition,  potential  gain  of  rating, 
and  probability  of  survival  as  input. 

Artman  et  al.  [59]  developed  a  network  level  computer 
program  for  the  U.S.  Air  Force  which  uses  a  heuristic  pro- 
cedure for  solving  the  zero-one  Integer  linear  programming 
model.  The  optimization  model  maximizes  the  pavement's  per- 
formance weighted  by  the  relative  value  of  each  project  in 
the  network.  The  heuristic  procedure  solved  over  90  percent 
of  the  objective  function  when  compared  to  the  continuous 
linear  programming  solution. 

Dynamic  Programming 

Zegeer  et  al,[96]  developed  a  computer  program  which 
uses  a  dynamic  programming  procedure  combined  with  an 
economic  analysis  to  assist  decision   makers   in   optimizing 
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expenditures  for  Kentucky  DOT's  pavement  resurfacing  pro- 
gram. Procedures  were  developed  to  compute  benefits  and 
costs  of  proposed  projects  to  determine  which  pavement  sec- 
tions should  be  rehabilitated  under  a  given  budget.  The 
only  cost  Input  to  the  program  was  the  resurfacing  cost  of 
each  project . 

Other  Techniques  Used  In  Pavement  Management 

Goal  Programming 

Goal  programming  Is  an  optimization  technique  which  is 
capable  of  handling  decision  problems  with  multiple  goals 
[60,61]  .  This  technique  utilizes  an  ordinal  hierarchy  among 
conflicting  multiple  goals  in  order  that  the  lower  goals  are 
considered  only  after  the  higher  goals  are  satisfied  [62] . 
Mu thusubramanyan  and  Sinha  [63,64]  have  applied  this  tech- 
nique to  the  multi-objective  decision  problem  of  highway 
system  maintenance  and  preservation. 

Factorial  Design 


Fernando  and  Hudson  [65,66]  developed  a  method  for  for- 
mulating an  index  for  establishing  rehabilitation  and 
maintenance  priorities  at  the  network  level  PMS .  The 
rational  factorial  rating  method  is  based  on  a  half- 
replicate  of  a   2    which   involves   the   following   factors 
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(decision  variables)  each  fixed  at  two  levels: 
1  .   Pavement  type 

2.  Degree  of  Distress 

3.  Present  Serviceability  Index  (PSI) 

4.  Traffic 

5  .   Amount  of  rainfall 

6.   Amount  of  freeze-thaw 

The  priority  index  is  essentially  the  dependent  vari- 
able of  a  regression  equation  using  the  above  factors  as 
independent  variables.  The  equation  used  to  compute  the 
priority  index  for  the  network  level  is  shown  below: 

• 

P.I.  -  5.4  -  0.0263(RF)  -  0.0I32(FT)  -  0  .4L0G  ^^  ( ADT ) 

+  0.749(PSI)  +  1 ,66(DISTRESS)  (2.6) 

R^  =»  97.8  %   Std.  Error  Estimate  =  0.31 

where : 

PI  =-  priority  index  (0  to  10); 

RF  »  amount  of  rainfall; 

FT  =  amount  of  freeze-thaw; 

ADT  =  average  daily  traffic; 

PSI  »  present  serviceability  index; 

DISTRESS  »  degree  of  pavement  distress. 
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Summary 

This  chapter  presented  an  overview  of  the  pavement 
management  programs  currently  used  In  the  United  States  and 
abroad.  A  brief  description  of  the  elements  of  pavement 
management  and  Its  potential  benefits  are  also  discussed 
herein.  A  summary  of  the  pavement  management  practices, 
primarily  the  types  of  data  to  be  collected,  equipment  used, 
and  frequency  of  measurement,  are  also  discussed  in  this 
chapter.  An  overview  of  the  optimization  techniques  used  in 
existing  PMS  are  also  reviewed. 

It  is  interesting  to  note  that  most  of  the  highway 
agencies  that  have  initiated  pavement  management  programs  at 
both  the  network  and  project  level  still  do  not  have  an 
optimization  technique  for  allocation  of  rehabilitation 
funds.  This  research  project  is  aimed  toward  the  develop- 
ment of  an  optimization  model  which  can  be  used  by  the  Indi- 
ana Department  of  Highways  as  part  of  Its  pavement  manage- 
ment program.  The  following  chapter  describes  the  methodol- 
ogy used  in  this  study  to  develop  the  optimization  model. 
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CHAPTER  3 
IDENTIFICATION  OF  PERFORMANCE  FACTORS   AND 
DEVELOPMENT  OF  EQUIVALENT  PERFORMANCE  INDICES 

Introduction 

This  chapter  describes  the  performance  factors  con- 
sidered and  the  reasoning  Involved  behind  the  selection  of 
them.  The  methodology  used  for  developing  the  equivalent 
performance  Indices  for  each  performance  factor  is  also 
described  in  this  chapter.  The  importance  of  the  equivalent 
performance  curves  in  the  development  of  the  optimization 
model  is  also  discussed  herein. 

Description  of  Performance  Indicators 

Table  3.1  shows  a  list  of  factors  that  are  deemed  to  be 
good  indicators  in  predicting  pavement  deterioration.  In 
the  following  paragraphs,  the  performance  indicators  con- 
sidered in  this  project  are  briefly  described. 

Directional  ADT 

This  is  the  average  daily  traffic  in  vehicles  per  day 
using  the  facility  in  one  direction.  The  directional  ADT 
information  was  obtained  from  the  latest  traffic   flow   maps 
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and   from   the   Traffic   Statistics   Report  published  by  the 
Planning  Division  of  Indiana  Department  of  Highways  [67,68]. 

Accumulated  ADT 

The  accumulated  ADT  is  the  total  number  of  vehicles 
that  have  used  the  facility  since  it  was  opened  to  traffic 
or  since  the  last  time  a  major  rehabilitation  was  performed 
in  the  pavement  section  in  question.  It  is  essentially  the 
total  area  under  the  ADT-Pavement  Age  curve.  The  following 
equation  was  used  to  compute  the  accumulated  ADT  [69]: 

ADT  (365) 

Accumulated  ADT  = °,,^  ,  [(l  +  g)^^^-ll  (3.1) 

log  ( 1+g) 

where: 

ADT 
ADT  -  ADT  when  opened  to  traffic  -  ^— -  ; 

(1-Hg)^«^ 

g  »  annual  traffic  growth  rate; 

age  =  pavement  age  (1982  -  year  opened  to  traffic); 

ADT   =»  present  ADT. 
P 

An  annual  traffic  growth  rate  of  4  percent  was  used  In 
this  study.  This  growth  rate  is  based  upon  previous  stu- 
dies conducted  by  JHRP  for  the  Indiana  Department  of  High- 
ways and  is  also  the  estimate  recommended  by  the  AASHTO  in 
its  design  procedure  [71] . 


EAL^g 

The    EAL-o    is    a    factor    which    relates    the    effect    on    pave- 
ment       deterioration    of    any    axle    load    to    an    equivalent     18    kip 
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single  axle  load  [70,71].  This  axle  load  was  selected  since 
it  was  the  maximum  legal  load  most  used  in  the  United  States 
at  the  time  of  the  AASHO  Road  Test.  The  AASHO  equivalency 
factors  F  ,  as  determined  at  the  Road  Test,  have  been  gen- 
eralized to  relate  any  axle  load  on  pavement  distress  to  the 
distress  caused  by  an  18-kip  axle  load. 


To  calculate  the   EAL._  per  truck  for  any  pavement  sec- 
tion the  following  equation  is  normally  used: 


n 

E  N  ,  x 


W 


i 


EAL^g     "     N         X     F         -  ...         ^      ^QQQQ 

J      J    i-1  -^ 


(3.2) 


where : 

EAL 


18 


number  of  equivalent  18  kip  single  axle; 
loads  for  pavement  segment  in  question; 


N   "  number  of  actual  repetitions  of  axle  load  W   ; 
W   "  axle  load  in  question  in  lbs; 
n  "  number  of  load  distribution  intervals 
from  which  single  axles  were  recorded. 


The  information  required  to  compute  the   EAL.j,   can   be 
obtained  from  the  loadometer  studies  conducted  in  Indiana. 


Accumulated  EAL 


18 


The  accumulated  EAL.„  is  the  total   18-kip   equivalent- 
axle  loads  since  the  pavement  section  was  opened  to  traffic 
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It  is  essentially  the  total  area  under  the  EAL  versus  Time 
curve.  The  cumulative  EAL . _  for  any  pavement  section  can  be 
computed  using  the  following  equation  [69]. 

EAL  (365) 
Accumulated  EAL^g  -  j^^^"^  ^^^^  [  ( l+g  )^^^-l  ]        (3.3) 


where; 


EAL   =  initial  daily  equivalent  18-kip  single  axle 

loads  on  the  day  the  road  is  opened  to  traffic; 

EAL   -  (APT     ^^^18   . 

EAL^  Q  2  ^^^^^truck^  • 

ADT   =  average  daily  traffic  in  veh/day  for  both  directions; 

g   =»  annual  traffic  growth  rate; 

T   =»  percent  of  trucks; 

age  »  pavement  age  (1982  -  year  opened  to  traffic). 


Roughness  Number 

The  roughness  number  is  a  measure  of  the  amount  of  ^ 
inch  movements  of  a  standard  vehicle  with  respect  to  the 
rear  axle  [97,98] .  The  roughness  number  is  measured  with  a 
PCA  roadmeter.  The  unit  of  measurement  used  in  this  study 
is  counts  per  mile. 

The  Indiana  Department  of  Highways  has  been  using  2000 
counts  per  mile  as  the  cut-off  value  for  interstate  concrete 
pavements  and  1400  for  interstate  bituminous  pavements.  The 
roughness  number  has  been  correlated  to  the  present  servi- 
ceability index  (PSI)  developed  at  the  AASHO  Road  Test  [71]. 
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Change  In  Roughness  Number 

The  Change  in  Roughness  Number  is  the  difference 
between  roughness  number  readings  measured  on  any  given  con- 
tract section  between  any  two  years  (i.e.  RNq,  -  RN^q).  The 
change  in  roughness  is  a  very  useful  indicator  of  the  rate 
of  deterioration  of  any  given  pavement  section.  For  exam- 
ple, if  two  pavement  sections  have  exactly  the  same  rough- 
ness number  at  the  present  time  and  both  are  in  need  of  a 
major  rehabilitation,  and  there  is  enough  money  to  improve 
only  one  pavement  section  (assuming  all  other  factors  are 
exactly  the  same  such  as  traffic,  age,  climate,  contract 
length,  etc.),  the  pavement  section  with  the  greater  change 
in  roughness  number  should  be  chosen  for  major  rehabilita- 
tion. 

Pavement  Age 


Pavement  age  is  defined  in  this  research  study  as  the 
number  of  years  since  the  last  time  a  major  rehabilitation 
was  performed  in  any  given  section.  This  information  is 
available  from  the  road  life  records  of  IDOH  as  well  as  in 
the  skid  and  roughness  annual  inventory  reports  compiled  by 
the  IDOH  Research  and  Training  Center. 
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Pavement  Condition  Index 

The  pavement  condition  index  (PCI)  is  a  number  between 
0  and  100  that  indicates  the  structural  Integrity  and  sur- 
face operational  condition  of  the  pavement  section  [33]. 

The  methods  used  in  this  study  to  compute  the  pavement 
condition  index  for  the  interstate  and  the  state  highway 
system  were  different.  For  the  condition  survey  conducted 
on  the  Crawf ords ville  Highway  District,  the  forms  developed 
by  the  Construction  Engineering  Research  Laboratory  (CERL) 
to  rate  concrete  and  rigid  pavements  for  PCI  computations 
were  used.  This  method  is  based  on  deduct  values.  For  the 
condition  survey  conducted  in  the  interstate  system,  the 
rating  forms  developed  by  IDOH  were  used.  The  details  per- 
taining to  both  pavement  condition  surveys  are  explained  in 
the  following  chapter. 

Pavement  Thickness 

This  is  the  total  thickness  of  the  pavement  structure, 
including  base  and  subbase.  This  information  is  generally 
available  in  the  IDOH  Planning  Division. 

Pavement  Type 

In  Indiana  most  of  the  pavements  are  classified  into 
four  major  design  categories.  These  are: 
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1.  Flexible  pavements 

2.  Jointed  Reinforced  Concrete  pavements 

3.  Continuously  Reinforced  Concrete  pavements 

4.  Overlay  pavements 

Flexible  pavements  include  all  asphalt  surfaces  con- 
structed on  top  of  a  non-stabilized  base  and  subbase  courses 
on  top  of  the  natural  subgrade  .  Included  in  this  category 
are  full-depth  asphalt  pavements. 

Jointed  Reinforced  Concrete  pavements  (JRCP)  are  con- 
crete pavements  without  an  overlay,  with  joints  typically 
spaced  at  40  feet  intervals. 

Continuously  Reinforced  Concrete  pavements  (CRCP)  are 
pavements  without  joints  except  construction  joints  and 
expansion  joints  at  bridges  and  containing  continuous  rein- 
forcing steel. 

Overlay  pavements  are  concrete  pavements  with  an 
asphalt  layer  on  top. 

Friction  Number 


The  friction  number  Is  a  measure  of  the  coefficient  of 
wet  sliding  (skidding)  friction  at  40  mph  between  a  wet 
pavement  surface  and  a  standard  tire  as  described  in  ASTM 
E-274   and   E-501   [74].    In  Indiana  the  friction  tests  are 
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performed  approximately  one  per  mile  for  each  contract  sec- 
tion tested.  The  average  of  all  tests  within  a  contract 
section  is  normally  used  for  evaluation  purposes.  It  is 
common  practice  in  Indiana  to  identify  all  pavement  sections 
with  an  average  friction  number  less  than  30  irrespective  of 
the  type  of  pavement  surface. 

Selection  of  Performance  Indicators 


The  six  performance  indicators  finally  evaluated  in 
this  research  study  are  listed  below: 

1.  Current  Directional  ADT 

2.  Accumulated  ADT 

3.  Present  roughness  number 

4.  Change  in  roughness  number  between  years 

5.  Pavement  Condition  Index  (PCI) 

6.  Pavement  Age 

Pavement  thickness  was  eliminated  since  it  was  assumed 
that  pavements  in  service  were  designed  for  the  loads  which 
are  actually  imposed  on  them.  In  addition,  it  was  felt  that 
the  relative  weight  assigned  to  this  factor  might  not  make  a 
significant  difference  in  the  overall  ranking  of  the  con- 
tract section  being  considered.  The  South  Dakota  DOT 
includes  pavement  thickness  as  one  of  the  factors  in  prior- 
ity setting  procedure.  However,  the  relative  weight  assigned 
to  it  is  actually  less  than  5  percent  of   the   total   weight 
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assigned  to  the  performance  elements  considered  by  the  state 
[92]  . 

The  Equivalent  Axle  Load  and  Accumulated  EAL  were  elim- 
inated for  several  reasons.  First,  at  the  present  time  Indi- 
ana does  not  collect  truck  weight  distribution  data  on  the 
Federal-aid  secondary  system.  Even  though  an  approximate 
estimate  cah  be  made  based  on  data  from  weigh  stations 
opened  in  the  past,  which  is  in  the  range  of  .30  to  .40  EAL 
per  truck,  it  was  felt  this  number  might  just  be  a  constant 
factor  applied  to  every  Federal-aid  secondary  road  con- 
sidered in  the  model,  and  thus  would  not  change  the  final 
results  of  the  optimization  model. 

The  percent  trucks  is  also  considered  a  good  indicator. 
However,  this  information  was  available  from  only  28  per- 
manent stations  as  reported  in  IDOH  Traffic  Statistics 
report,  1981  [68]. 

For  the  reasons  discussed  above  and  at  the  suggestion 
of  the  IDOH,  the  present  study  included  the  current  ADT  as 
well  as  the  accumulated  ADT  of  each  pavement  section  rather 
than  EAL  and  accumulated  EAL.  The  information  on  ADT  was 
available  for  every  pavement  contract  section  considered 
he  rein. 
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The  effect  of  climate  was  not  considered  since  It  was 
assumed  that  pavements  were  designed  for  the  environmental 
effects  of  the  geographical  region  In  question.  The  prob- 
lems associated  with  severe  climatic  conditions  are 
Indirectly  taken  Into  account  In  the  pavement  condition 
Index  which  Is  one  of  the  factors  considered  In  this  study. 


Friction  and  change  In  friction  number  were  eliminated 
for  several  reasons.  First,  based  on  the  literature  review, 
some  of  the  states  which  have  Implemented  pavement  manage- 
ment programs,  such  as  Florida  and  California  [6,8,29,38], 
felt  that  friction  plays  a  role  only  in  those  cases  where 
the  friction  number  is  below  a  pre-determined  value,  say 
less  than  30.  In  fact,  it  is  required  that  every  pavement 
section  should  have  a  surface  with  anti-skid  properties. 
Therefore,  if  during  any  fiscal  year  there  is  pavement  sec- 
tion with  a  friction  number  less  than  30,  irrespective  of 
how  rough  is  the  pavement  section  or  the  magnitude  of  the 
distresses  encountered,  an  Immediate  action  is  mandated. 
This  is  the  main  reason  for  the  Indiana  Department  of  High- 
ways to  require  that  in  the  optimization  process  friction 
data  should  be  treated  explicitly.  The  South  Dakota  DOT 
takes  friction  into  account  in  priority  setting  procedure, 
however,  the  weight  assigned  to  this  factor  is  only  3  per- 
cent [92]  . 
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Pavement  deflection  was  not  considered  In  this  study. 
The  IDOH  does  not  collect  deflection  data  on  a  routine 
basis.  Nor  is  there  any  future  IDOH  plan  to  collect  state- 
wide pavement  deflection  measurements.  In  fact,  at  present 
only  one  of  the  states  (Utah)  that  have  developed  pavement 
management  systems  at  the  network  level,  actually  collects 
deflection  data  on  a  routine  basis  [75]. 

Drainage  was  not  considered  in  this  study,  since  the 
IDOH  does  not  collect  detailed  drainage  data  on  a  routine 
basis  for  the  entire  highway  network. 

At  this  stage,  the  question  can  be  raised  as  to  how 
state  highway  agencies  can  analyze  and  evaluate  the  perfor- 
mance factors  in  the  most  efficient  and  cost-effective 
manner  so  that  the  information  can  be  useful  in  pavement 
rehabilitation  decision  making  process.  Ideally,  this  can 
be  accomplished  if,  in  fact,  the  state  can  predict,  from  Che 
roadway  inventory  and  from  the  above  factors,  which  pavement 
sections  need  immediate  repair  action  as  compared  to  those 
pavement  sections  which  can  still  provide  an  acceptable  per- 
formance in  the  years  to  come. 

Decision  to  Use  Pavement  Contract  Section 


After  the   performance   factors   were   chosen,   it   was 
necessary  to  decide  what  unit  of  measurement  best  represents 
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the  current  condition  of  any  highway  segment.  The  state  of 
Arizona,  for  example,  divides  the  highway  network  into  7,400 
one-mile  segments  [27],  The  normal  practice,  however,  is  to 
use  the  paving  contract  section  as  the  smallest  unit  of 
measurement.  In  Indiana,  the  pavement  contract  section  is 
used  as  the  unit  of  measurement  since  pavement  characteris- 
tics such  as  pavement  thickness,  age,  width,  drainage, 
materials,  construction  method,  etc.  are,  in  most  cases, 
homogeneous  throughout  the  entire  section.  Previous 
research  projects  conducted  at  Purdue  University  have  shown 
that  the  paving  contract  section  is  the  best  experimental 
unit  to  be  used  in  a  comprehensive  pavement  evaluation  sys- 
tem [76,77]. 

Decision  to  Use  Milepost  Number 

One  of  the  major  items  necessary  for  successful  imple- 
mentation of  any  pavement  management  program  is  the  ability 
to  associate  all  performance  data  to  a  common  reference 
point.  The  milepost  number  seems  to  be  a  very  good  indica- 
tor for  analyzing  all  the  performance  factors  previously 
des  cr ibed  . 


For  example,  every  characteristic  of  interest  to  the 
state  can  be  projected  visually  on  a  two-dimensional  graph 
where  the  performance  factor  associated   with   each   highway 
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contract  section  is  plotted  in  the  vertical  axis  and  the 
corresponding  milepost  number  in  the  horizontal  axis.  Fig- 
ures 3.1  and  3.2  show  graphs  of  Roughness  Number  and 
Increase  in  Roughness  Number  against  milepost  number  for 
Interstate  64  east  during  1981.  The  type  of  pavement  is 
also  included  in  the  graph.  Each  pavement  contract  section 
is  represented  by  a  horizontal  segment  enclosed  within  each 
consecutive  pair  of  observations.  Based  on  Figure  3.1  it 
can  be  noted  that  the  only  significant  rough  spot  in  inter- 
state 64  east  is  a  concrete  pavement  section  located  about 
125  miles  east  of  the  Illinois-Indiana  State  Line.  This 
contract  section  is  about  0.4  miles  long  and  the  roughness 
number  is  close  to  3000  counts  per  mile.  With  the  exception 
of  this  pavement  section,  the  roughness  numbers  along  this 
route  are  quite  uniform  ranging  between  500  and  1500  counts 
per  mile  throughout  the  entire  segment. 


In  Figure  3.2  it  can  be  noted  that  the  increase  in 
roughness  number  in  Interstate  64  East  is,  in  most  cases, 
between  0  and  300  counts  per  mile.  It  is  Interesting  to 
note  that  the  pavement  section  which  had  a  very  high  rough- 
ness number  on  Figure  3.1  is  also  deteriorating  at  a  very 
high  rate  since  the  increase  in  roughness  number  experienced 
between  1979  and  1981  is  in  the  range  of  400  counts  per  mile 
which   is   at   least   150   counts   higher   than   the  average 
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Increase  In  roughness  experienced  by  the  remaining  120  miles 
along  this  route. 

It  should  be  realized  that  these  graphs  can  only  be 
used  during  the  initial  stages  of  any  pavement  management 
process  to  identify  those  highway  contract  sections  (or 
miles)  which  are  consistently  above  or  below  a  pre- 
determined trigger  value  associated  with  each  performance 
factor  being  considered.  To  determine  the  proportion  of 
miles  (or  contract  sections)  that  can  be  rehabilitated  dur- 
ing a  given  period  of  time,  an  optimization  model  must  be 
formulated  which  best  suits  the  needs  of  the  highway  agency 
in  ques  t ion. 

It  can  be  argued  that  a  complete  pavement  management 
program  should  encompass  both  the  graphical  method  during 
the  initial  stages  to  identify  the  deficient  sections,  and 
the  optimization  model  to  improve  cost-effectively  the 
overall  condition  of  the  pavement  network. 


Analysis  of  Performance  Indicators 

Once  the  performance  indicators  were  selected  and  the 
pavement  contract  section  was  adopted  as  the  unit  of  meas- 
urement, it  was  decided  to  determine  the  distribution  of 
each  of  the  factors  in  order  to  analyze  explicitly  the 
current  condition  of  the  pavement   network.    To   accomplish 
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this  task,  plots  were  generated  for  each  Interstate  route 
and  for  each  performance  Indicator  using  the  pavement  con- 
tract section  as  the  unit  of  measurement  and  the  mllepost 
number  as  the  common  reference  point.  Figures  3.1  and  3.2 
are  representative  of  the  graphs  which  were  generated  for 
each  Interstate  route  for  this  purpose.  Histograms  were 
then  constructed  for  each  performance  factor  In  order  Co 
establish  trigger  values  for  each  factor  being  considered. 
The  Statistical  Package  for  Social  Sciences  (SPSS)  [78]  was 
used  to  generate  histograms  and  frequency  distributions  for 
each  of  the  performance  factors  considered  In  this  study  as 
well  as  for  each  road  in  the  pavement  network.  A  sample 
printout  of  roughness  and  friction  number  for  Interstate  64 
east  during  1981  is  shown  in  Figures  3.3  and  3.4.  Cumula- 
tive frequency  distributions  were  also  developed  for  each 
performance  factor  to  use  the  percentile  value  as  an  index 
which  adequately  represents  the  proportion  of  contracts 
exceeding  a  given  percentile  value.  The  1981  data  base  was 
used  as  a  starting  point  for  this  analysis. 

Determination  of  Equivalent  Performance  Index  Curves 


In  the  previous  section,  the  contract  section  frequency 
distributions  of  those  factors  which  were  considered 
relevant  in  predicting  pavement  performance,  such  as  rough- 
ness,  current   ADT,   pavement   condition   index,   etc.  were 
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Figure  3.3  Computer  Printout  Showing  Distribution  of  Roughness 
Number  by  Contract  Section  During  1981  in  1-64  East 
(Indiana). 
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Number  by  Contract  Section  During  1981  in  1-64  East 
(Indiana). 
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analyzed  Individually  for  each  Interstate  route.  Simply 
stated,  the  afore-mentloned  procedure  was  very  useful  In 
answering  questions  such  as:  How  many  miles  of  a  particular 
Interstate  route  within  a  particular  District  have  roughness 
number  or  any  other  performance  factor  In  excess  of  a  given 
amount  during  the  current  fiscal  year?  On  the  other  hand, 
the  plots  which  were  generated  for  every  route  using  the 
mllepost  number  as  the  common  denominator,  were  useful  In 
detecting  the  exact  location  of  the  high  and  low  points 
within  the  stretch  of  road  under  consideration  for  only  that 
factor.  If  the  decision-maker  Is  only  interested  in  the 
main  effects  of  one  factor,  then  the  above  procedures  are 
sufficient  to  detect  those  miles  which  are  above  or  below  a 
pre-determined  trigger  value.  On  the  other  hand,  if  the 
Interest  is  to  determine  the  combined  contribution  of 
several  factors,  the  above  procedure  is  not  sufficient.  It 
is  a  fact  that  pavement  deterioration  is  a  combination  of 
many  factors.  Furthermore,  some  factors  are  more  critical 
than  others.  It  is  therefore  necessary  to  develop  a  method 
that  can  take  into  account  the  effects  of  several  factors, 
and  at  the  same  time  can  incorporate  the  relative  weight  or 
Importance  of  each  performance  factor  in  question. 


At  the  present  time,  the  performance  factors  considered 

In  this  study  have  different  units  of  measurement.  For  exam- 
ple, roughness  number  is  measured  in  counts  per  mile,  ADT  is 
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measured  in  vehicles  per  day,  pavement  age  is  taken  as  the 
number  of  years  since  the  last  major  Improvement,  and  so  on. 
In  addition,  each  performance  factor  has  a  different  trigger 
value  associated  with  it  and  the  value  itself  Is  a  function 
of  the  type  of  pavement  being  considered  (i.e.  jointed  rein- 
forced concrete  pavement,  conventional  asphalt  pavement, 
etc.)  Therefore,  it  is  necessary  to  develop  an  equivalent 
unit  of  measurement  which  can  be  effectively  used  to  compare 
all  performance  factors  at  the  same  level. 


To  accomplish  this  task,  the  concept  of  the  equivalent 
performance  index  was  developed.  The  equivalent  performance 
index  (EPl)  is  an  index  from  0  to  100  used  to  represent  the 
effect  of  each  of  the  performance  factors  considered  in  the 
study.  The  value  of  0  represents  a  very  poor  performance 
for  the  factor  in  question,  while  100  represents  an  excel- 
lent performance.  The  development  of  the  EPI  ts  based  pri- 
marily upon  the  cumulative  distribution  of  each  of  the  per- 
formance factors  being  considered.  Equivalent  Performance 
Curves  were  prepared  for  both  the  Interstate  system  as  well 
as  the  secondary  system.  The  curves  for  the  secondary  system 
were  developed  primarily  from  pavement  sections  located 
within  the  C rawf ords vllle  Highway  District  since  the  pave- 
ment  condition   survey   which  was  conducted  as  part  of  this 
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research  project  was  also  conducted  on  this  district.  All 
the  curves  were  developed  using  the  roughness  Inventory  file 
corresponding  to  1981  and  1979  since  It  was  the  most  reli- 
able data  available  at  the  time  of  this  study. 

Interstate  System 

Figure  3.5  shows  the  equivalent  .performance  curves 
developed  for  the  Interstate  system  for  roughness  number. 
The  curves  were  developed  from  the  roughness  Inventory  data 
corresponding  to  1981.  A  total  of  226  pavement  contract 
sections  was  considered  to  develop  the  equivalent  perfor- 
mance curve  for  concrete  pavements  as  compared  to  74  con- 
tracts for  asphalt  (overlay)  pavements.  Continuously  rein- 
forced concrete  pavements  were  treated  separately.  It  can 
be  seen  In  Figure  3.5  that  the  performance  curve  for  asphalt 
pavements  Is  more  uniform  (steep)  as  compared  to  concrete 
performance  curve  (  smooth  S  curve).  In  addition,  the  con- 
crete performance  curve  Is  shifted  much  more  to  the  right  as 
compared  to  the  asphalt  performance  curve.  This  implies 
that  concrete  pavements  in  the  state  are  more  rough  than 
asphalt  (overlay)  pavements.  Because  of  this  variation, 
different  trigger  values  are  used  by  the  IDOH  to  identify 
deficient  asphalt  and  concrete  pavements.  It  is  interesting 
to  note  that  the  EPI  developed  in  this  study  is  related  to 
the  proportion  of  roads  below  a  given  value.   At  the  present 
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time  the  IDOH  uses  2000  as  the  cut-off  point  for  concrete 
pavements  and  1400  for  flexible  pavements.  This  corresponds 
approximately  to  an  EPI  of  25  and  5  for  concrete  and  flexi- 
ble pavements,  respectively. 

Figure  3.6  shows  the  equivalent  performance  curves  for 
change  in  roughness  number  for  the  interstate  system  for 
both  asphalt  (overlay)  and  concrete  pavements.  The  change 
in  roughness  number  was  calculated  using  the  roughness  data 
from  years  1979  and  1981.  The  change  in  roughness  number 
represents  the  rate  of  deterioration  of  the  pavements  In  the 
network.  If  all  other  performance  factors  are  the  same  and 
the  roughness  number  in  fiscal  year  in  question  is  the  same 
for  two  pavement  sections  being  considered,  the  section 
which  has  the  higher  change  in  roughness  number  should  be 
considered  first  if  there  is  enough  money  to  improve  only 
one  of  the  sections.  A  total  of  216  contract  sections  was 
considered  for  concrete  pavements  and  52  sections  for 
asphalt  pavements. 


Figure  3.7  shows  the  equivalent  performance  curve  for 
roughness  number  for  CRC  pavements  in  the  intestate  system 
during  1981.  This  curve  was  developed  using  data  from  44 
pavement  contract  sections  on  which  roughness  information 
was  available.  It  can  be  seen  in  Figure  3.7  that  an  EPI 
less   than   15   corresponds   to   a   CRC  pavement  exceeding  a 
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roughness  number  of  2000.  Therefore  during  fiscal  year 
1981,  15  percent  of  the  CRC  contract  sections  exceeded  a 
roughness  number  of  2000. 

Figure  3.8  shows  the  equivalent  performance  curve  for 
change  In  roughness  number  for  CRC  pavements  In  Indiana 
developed  from  roughness  Inventory  files  of  1979  and  1981. 
Thirty-nine  of  the  forty-four  contract  sections  used  to  plot 
Figure  3.8  were  considered  In  this  graph.  Based  on  this 
figure  an  EPI  of  20  represents  all  those  contract  sections 
exceeding  a  change  of  roughness  of  200  counts  per  mile. 


Secondary  System 

Figure  3.9  shows  the  roughness  number  equivalent  per- 
formance curves  for  asphalt  and  concrete  pavements  for  the 
Crawf ords vt lie  Highway  District.  The  curves  were  developed 
using  the  roughness  information  of  239  asphalt  pavement  con- 
tract sections  and  33  concrete  pavement  contract  sections. 
It  is  interesting  to  note  that  asphalt  pavements  in  the 
state  system  have  a  higher  roughness  number  than  concrete 
pavements  as  compared  to  the  interstate  system  in  which  the 
concrete  pavement  sections  experience  a  higher  roughness 
number  than  asphalt  pavement  sections.  In  state  routes,  an 
EPI  of  20  for  concrete  pavements  corresponds  to  a  roughness 
number   exceeding  1750  counts  per  mile  for  concrete  pavement 
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sections  and  2700  counts  for  flexible  pavement  sections. 

Importance  of  Weighing  Per formance  Factors 

If  each  EPI  curve  Is  analyzed  Individually,  It  can  be 
helpful  In  establishing  priorities  as  to  which  pavement  sec- 
tions are  in  need  of  maintenance  (if  EPI  is  below  a  pre- 
determined value),  what  type  of  failure  is  present,  and  also 
to  what  extent  the  problem  has  progressed.  However,  in 
order  to  obtain  an  Indication  of  the  overall  condition  of 
the  stretch  of  road  in  question  and  to  gain  insight  as  to 
the  most  efficient  form  of  rehabilitation  to  pursue,  the 
factors  must  be  analyzed  collectively  as  well  as  individu- 
ally. The  interaction  between  these  factors  plays  a  major 
role  in  determining  the  type  of  maintenance  strategy 
required.  In  other  words,  if  a  pavement  section  is  not 
rehabilitated  within  a  certain  period  of  time,  a  present 
pavement  distress  may  lead  the  pavement  section  to 
deteriorate  to  a  higher  level  that  a  major  reconstruction 
would  be  necessary. 

Description  of  the  Graphic  Interactive  Method 


The  graphic  interactive  method  is  a  graphical  technique 
which  is  used  to  evaluate  the  combined  effect  of  performance 
factors  which  are  of  primary  interest  to  decision  makers. 
The  term  "Interactive"  comes  from  the  fact  that  one  actually 
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analyses ^°"^  graphs  at  the  same  time  In  order  to  check 
the  interaction  of  the  performance  factors  being  considered. 
The  combined  effect  of  the  factors  can  then  be  analyzed  by 
inspection.  In  this  study,  the  interest  is  to  identify  those 
pavement  sections  which  fall  below  the  specified  trigger 
values  associated  with  the  performance  factors  being  inves- 
tigated. 

In  reality,  the  technique  used  in  this  study  is  a  com- 
bination of  the  graphical  method  and  a  weighted  technique, 
since  weights  are  required  to  consider  the  importance  of 
each  performance  factor  being  investigated. 

The  outcome  of  the  graphical  technique  is  the  number 
and  exact  location  of  miles  (contract  sections)  which  fall 
consistently  below  the  trigger  values  specified  by  the  deci- 
sion makers(in  terms  of  EPI)  at  the  start  of  the  analysis 
period.  In  other  words,  this  method  is  useful  in  detecting 
those  pavement  sections  which  are  in  "poor"  condition  and 
are  normally  classified  as  "bad"  sections.  These  are  the 
contract  sections  that  are  used  as  input  to  the  optimization 
program. 


In  order  to  use  the  graphical  interactive  technique  for 

this  research  project  the  following  steps  were  necessary: 

1.   Identify  the  performance  factors  which  are  of   signifi- 
cant interest  to  the  highway  agency. 
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2.  Transform  the  performance  factors  to  an  equivalent  per- 
formance scale  . 

3.  Establish  a  common  reference  point 

4.  Establish  a  common  unit  of  measure 

5.  Establish  the  weights  of  each  performance  factor 

The  performance  Indicators  considered  In  this  study 
were  described  In  previous  section.  It  Included  roughness, 
ADT,  pavement  condition  Index,  cumulative  ADT,  and  pavement 
age.  The  equivalent  performance  scale  adopted  herein  was 
based  on  the  cumulative  frequency  distributions  discussed  in 
the  previous  sections  and  developed  for  different  types  of 
pavements  and  highway  classes.  The  common  reference  point 
used  is  the  mllepost  number.  The  common  unit  of  measurement 
Is  the  pavement  contract  section.  The  weights  assigned  to 
each  performance  factor  and  the  actual  application  of  the 
graphical  interactive  technique  are  described  in  detail  in 
Chapter  7. 

The  following  chapter  describes  the  pavement  condition 
surveys  which  were  conducted  as  part  of  this  research  study 
on  both  the  interstate  system  and  Federal-aid  primary  and 
secondary  systems. 
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CHAPTER  4 
PAVEMENT  CONDITION  SURVEYS 

Introduction 

The  purpose  of  this  chapter  is  to  describe  the  details 
pertaining  to  the  two  pavement  condition  surveys  conducted 
in  Indiana  as  part  of  this  research  project.  The  criteria 
used  in  the  selection  of  pavement  sections  is  described 
herein  as  well  as  the  sampling  procedures  employed.  The 
rating  forms  used  in  the  condition  surveys  to  rate  both  con- 
crete and  flexible  pavements  are  also  described.  The 
current  pavement  condition  is  used  as  input  to  the  mathemat- 
ical model  developed  in  this  research. 

Purpose  of  Condition  Surveys 

The  primary  purpose  for  conducting  a  pavement  condition 
survey  is  to  obtain  an  objective  measure  of  the  different 
types  of  pavement  distresses  currently  encountered  on 
Indiana's  interstate  system  as  well  as  on  the  Federal-aid 
primary  and  secondary  systems.  Most  of  the  states  which 
have  implemented  pavement  management  systems  at  the  network 
level  conduct  some  sort  of  surface  condition  survey.  The 
condition   surveys   take   into   account  not  only  the  type  of 
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distress,  but  also  the  magnitude  and  severity  of   it.    Most 

of  the  states  have  also  developed  rating  manuals  to  suit  the 
particular     needs     of      their      pavement      network. 

[6 ,33 ,44 ,45 ,46 ,49 ,57 ,79 ,80 ,ai ,82]  .  Some  states  use  standard 
rating  manuals  published  by  the  Federal  Highway  Administra- 
tion [83]  . 

Description  of  Condition  Surveys 

As  part  of  this  study,  two  pavement  condition  surveys 
were  conducted.  The  first  condition  survey,  performed  in 
the  Interstate  system  during  the  summer  of  1982,  was  con- 
ducted by  the  Indiana  Department  of  Highways  (IDOH).  The 
second  condition  survey,  performed  during  the  fall  of  1982 
on  pavement  sections  located  in  the  Crawf or ds ville  Highway 
District,  was  conducted  by  the  Joint  Highway  Research  Pro- 
ject (JHRP)  staff.  The  two  condition  surveys  were  indepen- 
dent. The  Interstate  survey  forms  were  designed  by  the  IDOH 
staff  specifically  for  the  Interstate  network.  The  survey 
to  rate  pavements  in  the  Federal-aid  primary  and  secondary 
systems,  adopted  an  existing  rating  procedure  which  has  pro- 
ven in  the  past  to  give  meaningful  results  [33]. 


In  the  following  sections  the  procedures   used   by   the 
two  condition  surveys  are  described. 
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Interstate  Condition  Survey 

The  rating  forms  developed  by  IDOH  for  the  Interstate 
condition  survey  to  rate  flexible  and  rigid  pavements  are 
shown  in  Figures  4.1  and  4.2.  The  survey  was  performed  on 
only  those  concrete  pavement  sections  with  a  roughness 
number  greater  than  2000  and  on  asphalt  pavements  with  a 
roughness  number  greater  than  1400  counts  per  mile.  These 
trigger  values  were  established  by  a  previous  research  pro- 
ject sponsored  by  the  Joint  Highway  Research  Project  on 
pavement  evaluation  [76,77].  For  each  mile  of  a  contract 
pavement  section  exceeding  the  above  trigger  values,  a  200 
foot  long  section  was  chosen  at  random  as  a  sample  section 
using  a  table  of  random  numbers.  For  example,  if  a  particu- 
lar contract  section  was  5  miles  long,  5  ratings  were  per- 
formed on  this  contract  section. 


If  the  contract  section  contained  dual  lanes,  the  200 
foot  section  was  chosen  in  the  travel  lane.  If  the  contract 
section  had  three-lanes,  such  as  1-465,  the  200  foot  section 
was  chosen  in  the  middle  lane.  Overlayed  pavements  were 
considered  as  flexible  pavements  and  were  rated  using  the 
Flexible  Pavement  Rating  Form. 
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FLEXIBLE  PAVEMENT  RATING  FORM 

GENERAL  COUWENTS 

—  On*  filing  toirr,  n  feqrj.ffld  '0(  eac^  mil«  o'  lft«  COnlflct    I'  tfl«  COni-aci  H  l«S3  ff^in  ont  mil*  O^ty  On»  (ofm  li  feOuirwJ 

—  Fof  tacn  mils  a  ;oo  'ooi  io^t  ^emon  13  cMOJSn  at  f  jndorn,  on  *hic'i  r^e  rating  is  pairofmed  Tnt  unfiorn  )i»ciion  u  c*'i*n»d  Dy  rh« 
pfOC»cJu'«  ouMined  wirrx.n  ihh  laCil  o'  landom  nuirtOs')  K  l'^«  coniracl  tj  duji  rjne  ir>s  200  'OOI  stciion  jfiould  be  Cfios«n  m  lh»  |'av»l 
tan*   If  ih*  conirici  >\  tnre*  iir>a,  such  as  l  46S,  the  200  fooi  »*citon  should  D«  cnos«n  in  in*  rmoai*  un* 

—  Tht  leparaia  fiimg  lorms  shou'd  c*  asaifn.ijted  and  rsfufn  to  iht  Research  and  Trtimng  C*ni*f  wuhm  30  dan  oi  r*c*ivii  Oiiinthjlton 
will  o«  mjd*  Or  me  n<?sa  i<cn  and  rraming  Cvntar 

—  A3p^•ll  ffveMayed  conc/eia  h  conj^jarad  19  fi*sibia  pavtmeni  and  19  rated  on  ih*  Fieubt*  Pavemeni  Rating  Perm 
GENERAL  INFORMAnON  REOU'REO 


Contract  Length 


.  Street  or  Route  No  . 


Clly  Of  County 


.  Paven^ani  WKjirt  . 


3ortac«Tirp# 


Roughness  No 


la  the  Pavement  an  ^ 
Ovtrtay  or  Full  Depth? 


specifk:  information  required 


'ft«f«r»nc«  B  <*'•< 


*  01  aiil'V*  '0  rontit 


■  IIIM»ailllMIIIB  J 


t;'—'.  /J  \>^«  ^^ 


i±LtJ:id>:.-.^ 


m 


•^^^tjttVr:  ._i 


I^IF^ 


»»,,--  .  .   a; 


LonQifuAiwC'ac* 


»■,-''  "•  -•     •' .    ■  - ; 

*'/'  ■•  1      .        ; 

Y'X  ■.-■■■■■ 

r"  ••   -V\>   ..•'■■ 
tS>;-^.'■ .  r-'.'T-:  •', 


!i:V.-:.r 


->: 


1 


Flguic  <i.l   FU^lbl^  Pavement  Rntlnll  Foru  IIkcJ  In  Tnterscutu  rondltlon  Survey. 
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CrfCCr 


RATING  SCALE         RATING  CRITERIA  BY  PAVEMENT  TYPE         RATING       DEFECT  DESCRIPTION 


II  too  i«M  m  n^fwi*  tJKk^  ■41  caitfi^ 


•  %  ■  D  tnwf)  ffvu  too%  •   to  imm^ 


0%  ■  0|>sM«o)Wni  100%  m  iO|iiw«j 


C*«i»  UO>0<>^IMr  tt  iS^t  (MO-M  to  C^*rtM  R4i«  v«  ,„^  ,^  t*^*, 
Ol  Ctia^    tii«i«-i   «   ••latj  •■  (1.^   to  '«<•-««•  «l  t.*c*|   «t  MO  KW   (ari^ 

W««»*r  «  ■•••J  Nom  Nt  •w^•  <•.)«  (Ml,  •^M  i«  «vni  le  MT«.t  :i«cki 
tO'M>*t  vxn  H  incni  S«t<^  tooi  ik  ,tivd  ti  Nt..<rft«  ur>aii  («c«wnM 
W^<«  ci*c>»  tAu^  CM  '•!•]  h.9^.  irun  t%M.Hn«  ckM   C'»c.»  t.M  IMn  l| 

W*«i>*f  « ■•<»;  *i  1*^  •••■•»•  •tf.h(»it'»c»i(omhjui^,,„n  kjb  lit  ^m It 
••*«'•  ig'Vdii  ii%«n  ^  i^M   !•«<•«  citfkt  him  ■«  h(u>^«  i^mi  icMr*< 

!•*•'•  C'Kkt  tMiMd  ta  i«IM  f-^n^l  ir^n  fu  ')«•  CKCkl  CfC*!  «U  th««  l| 
mcAM  n  tt^m  •!•  not  corvaoa-M 

paictAi«««  tf  ^.f*.*.^  •..'i.ca  •••«  v>  no  Km  wtioM  dMnoiw^  •*%»"» 
CKixg  Sa^^itf  «  >ii*d  tiom  m*  .n'l.ii  •»•■.•»(•  ol  Ki^m*  oaoi  vi  t>« 
"**"  P*"*!  to  O"*  P«i1«"vryt»  Ui^u«  CHOI  9«n«r|iif  au<t<«  lh«  wTMt 
pitf«    *  tvgn*!  ifl'/^q  inould  M  Hfgrt^a  10  M<*<*  (I'v^lM  Cr«Ct>^ 

Mi«<COMN*ci-na  cackt  io"*urt4  tct*  o*  M<9«  ootfoom  utuaVv  having  tnaf* 

•/igiMaicefna'!  R«i*  anini  an4  ta^oitygi  cact^ig  Ciiant«>*iaaia;«ii>ai» 
»a'ca«ia«a  Ol  ».^mani  iwn«c«  *.•(  «  no  lool  iki«<>  Ctckad  S«>*«fT  • 
rai«aiiom  Ai4<  ciackMsg  (t«Lt  rnan  iii»-ici>l  lo  ixa'a  Clack's  lO'"'*'  »*« 


wni  *  f^gn*!  liimg  anouiO  M  att.4n«d  w 


A  fut  ■  ■  nno>>u<la%M  twriaca  oap'nion  n  in*  wn«*«dini  at  Hail  70  '•••  lonf 
n«i«  0*a  a«>«"rr  ol  <Mol^  o<  /uu^q  ai  ^X  looi  aac«M  at  outi'-M  •«/v>ai  Rai^ 
CiMiH  To  othiaw  ira'aga  lun-nj  ii  imiI  lO  •aad.igi  tAObig  b*  ia>an 
Vi(W<9r>«/1  ir«»m>nqa'a*  a^da^^'igwl  AuitiaitiMn  m  r«fi  «i  owiKa<«<«i 


0%    •  Otr»Bng)tirw  tOO%    ■ 


Sn^f*^  •>  ^jafMif  oi  M'«n«nt  tarl  O^*  to  n»jfl«.ani  Mn«  anfl  iiabMf 

T)0«a>r  to'***!  ¥Ma«»«i«ri  ■•i^nx^  t.om  ••ft^.a  o'aaaof  ation  [•i«rri«l 
anvxr«  w  ewxnQ  N  laiM  <a>ii"«  lo  i-^  pa>ca"ia9«  ui  aunaea  faa  n  MQ  looi 


^t^vmg  aio  Wai»<  >ia»'1>if 


««  ■  0(<artf<O»Mi  lOOH   ■  tO(<iw^ 


0%  •  0  {'Mngl  Kfw  ioot«   • 


I  nv  »<"0nf  oPtaf'^a  'aiaatO  Oanf 
•mow*  tt  ptyriCKif  •  OCMrrM  ral«  at  •  10 


^iC^oo  a'a  »r*v^»rt  oi  pa'T^i^m  cocaciiona  to  otmagM  9a>-*M««ni|  ft«io 
«ii*M  and  M**int  0*  ^iLfWig  Raia  aiia<M  'aairva  lo  irtf  paicaAiig*  o*  »** 
■WW  fu^aco  a'M  <n  too  looi  taci<ar>  xrfcn  «  Mlc^a4  Aaia  t«rti«>  '•:ai<'«  to 
1M  QOraM^n  of  ina  paicnat  <<0m  gcod  coriOiKin  partcwnwig  ui>ilati  Virf  lo  txMi 
•OTDMiCA.  'KM  guaiiiy  r*  ■■gn<<^a'<ti,  ai'aciad  A  rt<g<N«f  'aong  Vmaimo*  an  pr^n 
)•  COOT  c«neii<an  paiCHi 


tiC«UM«  (biMAngl  aw<«n  >«  t>im  m  bittj 

lact  ^^«A  C'vaiat  ■  tn^ny   gun  i>a   raii«cii^  tunica  imi  vtu«>ty  bMw^a 

•<M  •!<«»    (ilant  O"  btaading  rt  'aiM  ifiirv*  lo  pa>ran'ag«  tf  m-*^^*^  *« 

(M«  aiM  tn  no  fooi  tKKv^  Mnoi^ng  da'aci  No  daciM*  (X  »«vaMr  I'a  Mi>«a« 


Pi>*<pvig  B  n*  aiociion  a<  wa 
C'ocM  i^^oai  nvpfioQ  loaoa  wai 
«  cant  M  (^4  pa'«m«ni   §, 


II  and  l>n«  'naia'ia>i  unda'  p>ntw<a  irueu^ 
'  Ot^OTig  occu'i  i-tiaia  ^a'c  aaan  iH»iT  oji 


0«   >  0  (••i«<«)  vwtt  I00*«  •  to  cviM^I 


C«iu9«i«t  a  a  lom  ol  iMt<<  mg.amam  -7t>.i«o  o*  luMi  aoott  r«  ater^t 
pa*«mon(  Bwrtaca  Maia  l^a  atia"!  a^e  it-aMry  o<  co>>jgii-or>t  |ii*ai  .■  laiad 
rataln>«  le  eosa'-iaja  O*  (M-«m«ni  lo^iaca  faa  »i  fX)  Hjc'  i»ci««  oa'-oi.'tfl  tOf 
Hi9a<nn(  S«<«iiir  ri  laiM  iiO'm-;'<iCt>''u9ti«rii  c«^t>ng  lurr*  («'ai,ar  W  vw 
«*F«M  bwi  crat'at  no  dtcOTTMoa  to  t*<a'a  co'i.^«x>m  ciLj»>ng  aicatfx 
^•••lot  ^  ffm  >an<i«  ■>t^<^  citaiat  iweiiani.ti  e^i-omion  antfw  a  uiarf 
nua'd  k/naro  t«n«t«a«i*>aga  itQuMinjaiaOociioniAtCiaMIO' ta'atf  Arv^Ko* 
rautg  cwMO  6«  aitv^d  to  aa-aia  co"w9ai>oni 


>  0  Caiixt)  M  lOOH   •  I  KiKiV 


Kan^Kmg  x  ifio  p'Ogiiiima  O'l-nia^'aixm  Ol  l^•  tw^aca  doirtMnfo  A«it  m«  at- 

ion)  and  M*a"r*  of  x ng  Enanl  n  <aiad  <aijir.a  ui  iha  oaxaniaga  el  }Ub  lOM 

•^iion  rav«i>*0  !•-•■  't  a  I'o-"  "v^^'tit'r  'Ov^g^  arw  r'''M  I't't**^  '■'■•  tsa  I 
•  !««•'••>  (0>g■^  and  pxiM  (>nciuott  coa'ta  agg  I  a  h.grva'  iai.ng  inouu  M 
aaiisnac  lo  Mrara  ia*«iiinf 


^*i*wotf  A«g'  *^ia 


04    •  0  (rawlQ)  Xlw  tOOH    •   S  (IBt«<A) 


^Vianod  aoQiaqait  >t  pi«t*"t  airicn  c<o«a  •■•^nv^alon  o<  a  Mv*m*ni  iav««n 
irtai  •»•  cono^  v  aK'*tJi«  t'laf^i'-ig  abov*  irw  asDMii  i  a^thai  ••>>  ama"  o> 
Bmi*  aia  no  'Obgn  oi  «~;u'ai  ag^iaeait  pa'trci*-.  >o  p'Ov«a  gooa  i*« 
'Miiianc*  Tr»a  aiiam  ol  doi^m  «3t<*otia  'i  i»i»^  •auii<a  io  if*a  pa'camaja 
(<  aurlaca  a'*a  wi?00  <ooi  »«:icfi  oanciing  andootrung  NoOag'Miao'  laoantf 
aia  iMiinaa 


Owai  M«vic  Oui'itf 


Koutftnatt  No  ItOO  I  'U  ■  0')  riair<«) 
Kouflnnata  no  ifii  J'>W  •  *  '  l'ai.n«l 
MougmMi  No  2M>  leU)  -  •  lO  nai-nq] 


Kougnnaii  ivjnftait 


a  and  «  .AM  W  aawgn  'attng 


luti  ol  Daiacmaimga 


Coiaion  Aair^  ■  100   StyndDalaciftairfvi 


ConAlvytRalIng   •   [ 


KlKuic    4. 1       Fl. 


IMv.-mcnt    Rutins   Form  UboJ    1»    Inturstato   CmJltlon   Survey    (ConClnutdX 
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RIGID  PAVEMCfJT  RATltiG  FORM 

GENERAL  COWMtNIS 

—  On*  »«lii^g  *0"n  (5  '•«iu-r»o  lo'  each  miit  ol  tf>*  conr'ici   II  lh»  coni«acl  n  lail  ihan  on*  miit  oniy  on*  fo»m  ig  rtQu<'*J 

—  Fo'  tjch  mila  •  200  tool  long  '.'•ciion  H  zho-.si  ji  nndom  o"  -ruch  ine  'Oi.ng  'i  o'^f'0"r>»j  tk^  random  sect  on  iS  oO'J'n«(3  by  IM« 
pfOC»<lu'»  ouliineo  y..ihin  ihf  t,it-'e  ol  'anrlcm  ouir.bers  II  \t^e  caniijcl  •»  dual  i.in«  rhe  200  foot  seclion  snookj  b«  cf>os«n  m  ir^  uav«l 
tar«   H  th«  contracl  is  iMrq^  lanes   aa  i  465.  lh*i  200  loot  se;i'On  jf^ou'd  b«  crioson  <n  iho  tniddie  ian« 

—  Th«  ircMfaie  f»l'n<;  fcmj  should  c«  asaifnii»ted  »n<j  f •turned  to  tn»  P.*3«afcn  irxj  Tf»inif>gC«nii»  *«nhin  30  days  ol  rtc*'**!  Oisi'iButiofl 
will  tM  mads  by  ths  Rrsaarch  and  Toming  C«nl«r 

GENERAL  INrOflMATlON  REQUIRED 


-  City  Of  County - 


-Slr««lor  Routs  No  . 


-Contracl  L»r>gih_ 


-Pavernflni  w<3rh. 


.Roughritss  No  . 


P«v«m«nl  Tyc« , 

H*.20   0t  40'  jo.n'ed  RCP.  PCP.  CRC) 

SPECIFJC  INrORMATlON  REQUIPEO 


.  Ag9  0'  Pav«mer>i_ 


Oarwal  Loctnon  a<  TOO  'mi  SKi«jr>  «<[rw>Ov<"i 


■  >e4'»ci>an  ind  <4^«vnar«  «r  otaia 


:-?•::- 

?■•-•■ 

•>■.  .';.■ 

K.- 

;^'";V. 

TrwoVTMC'KU 


UmgiM^nai  C*c«t 


&f1;•;;;•^!•::^•  ■:'■ 


(.•(^•u^nM  JOM  S«M't<  V« 


^•■■•■;-fi^ 


^^:^]Zr:^ 


Figure    ^.2      lUc.lr!    P.ivcr'pin    R.ulrn'    I  i-rr^   I's.'J    In    Int'Mstntr   Con<lltlon   Survey, 
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IUIINaCniTEniA|.ev  PAVEMENT  rrpt 


RATINQ 
SCALE 


"•••  •c  •  «c» 


y^'  y^'^y  ^y 
'^^y   '-y  <^>-* 


«'«"—'«'  MC  RAFINO  OtFECT  DESCRIPTION 

■  tUlM*  to  f^^T^ai  c«  Cittbi  o  :^XI  looi  ••(i<»l  V«T*<>ir  «  •«(•« 
''•"  ''••"w^  t'»c*»  I'm  Can  11  Bic^i  w  !»*•'•  f(»»  ig'taiw 
*WA  M  rcrit  (••'■o  cur'i  «••  iii««  a»  r>«.rWt«  tr*c>i  ^^,^1 
laoM'iad    &«.•••   C'«r*i   »ft<x-J  m  'oad  f^r^   rtM  pm  .  •« 


OC<i:>«<f 


9%    m  0  (•■M«)  »uau«li  <OCI%    ■    lOI'atmqi 


Ctartt  (not  VichjOAg  ,anu)  lopaxn*)*^  «•>••»  M  »w  wi— > 

■MR  Ifl  ncJi)  lo  !•••••  lO'viK'  O^n  M  ^Kn)  S«a«dC'*cka  '•■■il 
U  hai'Bn«  ymcii  ■•opt'twd  Sfait  citcki  tAOk.*  b*  xiM  ri-]<i«« 
than  nairima  cackt  Cjao*  wi*  pmo  i|  ikam  «  Mngm  na  im 


-0'«auing  <•  a  M'>««  el  c<Mi»r  iMca4eiMC«^  w^a()M  ha-hA« 
c«c«i  tn«i  acipair  ai  (T«»  PCC  p«ir«m«ni  (I*b  tu^ca  aOiacaru  »f^ 
rffffl'^  Pi'aiiai  loponit  cioi  andih*  t>'M  *i9*«ol  apoan^oi 
tfb  naia  aiianiaidM'*"),  crOc'«ck«>g  f  ntnr  n  ,ai«d  rr>«i..a 
«  Via  pa'cartitQ*  o' |0"'t  anotiacn*  b  MO  loci  iaci«r>  la/^iinB 
••'•CI  Satairt  «  him  '">«  kflM  pana«'i  oi  cioia<T  kibc»cI  '<na 
etani  mai  hai  a*>aicD*d  r<«j'  KHnii   cacit.  anrvQi  iiaa  adgat. 

fKMr«T«i  axAn  ol  ■>ia<i»d  •>•■  «  gBnara"T  *•(■  V«n  XJ  r<r«a 
w4«  ai  ffka  ca^ia<  (A  l^•  tan*  lo  tara-a  a  ^^  »•>••  al  ioan<ng  al 
toviu/c'acki  ami  arnj  cmc^oxicm*  maia«d>  ■!  Knu  «t  aiiaciad 
•f«a  AitoiKtinola'Ucradi'aa'iganaiatfyg-aaia'man  tlr<ct«« 
•«•  at  w*a  ea-Mai  ol  tha  una  *  fwgha'  lai^^f  anowu  M  augnad  to 
•wa'a  0-cackift(^ 


0%   •  0  (rawig)  vw«^  100%    •    IQ  l<ai«^ 


no' i}>f  lag-ato^tfaOffMOieracM  r»«^«igMWMtow 
0<  C»K<aia  and  piug'sifva  -oamng  gt  ina  cacti  K«ia  •■iaf« 
•ndafva'iir  ol  tM<  "s  [•>a>>ioi  etc*  ipa-ng  *  (••ad  'a'av**  U 
W<*  pa'Canliga  al  e'»c«a  m  ?00  lool  laciAn  na<ai»ig  uMiif^ 
tm^i'ty  «  laiaO  I'Om  n*g''eo>a  loaiiaig  cxca*  t«a>»Qa  »l]l^  «*• 
•*•*»  g*  aouai  to  w  neri  w  twara  toaihng.  (mad  o«  f«F*iJi»d 
nacU.  ha«^  an  o^i»h  i««>«ga  MM"«d  .«fin  giaxai  man  w 
•i»iai  10  1  V,  mchai  a  h^gn*!  'iioig  ahouK)  M  au^naa  lo  a«v«>a 
mdi  apdiMS 


r«^ad 

MvstvC'acrj 


0  f  at^t*  •  O  'ai-v 


)0  m  "wa  fauM  ■  iD  Cai"^ 


cac*t  Wv«"tre'iat^''-c  •  nw  maaiuiadtfi'ac  '  bui  ■«  ia'-acia« 
M  Vta  owaiaa  »d-ng  9>ai<t/  tj<ani  W  lauu^  m  (dad  (•^•'sa  « 
fw*ea>  0  lauHad  fo^u  <■>  e>*e«(  m  TO)  loot  lacim  OacJU  «•• 
ffMIt  t|  ncPI«fl  •>  Mngm  a'a  •«•  toniiaa'«« 


(••  D**ao  0«M'«i^ 


FOC  bn**  tjlam  and  ta^vint  W  |»nl  »aoa'a>«n  a'«  "^  Ipv'*^ 
raiaa  tirea  vvt  •  l^ni  mi  □(■*»•«  w  w  ncA  moa  o>  B4a>  a  n«i 
P»na'a"»  bwan  tiii»a  n  jo^mi  untiitad  (n  n«  iv""f  •aa>ad  a 
taghw  f^intMf  •nouHl  M  atvoAKl  lo  v<m  OaiacL  (Aoin  fcpni* 
boundi^  •>«  una  trxuid  ba  conaoa'ad) 


0%  •  OCaw^l  nougfi  100%  •  tO(rai<^ 


PalCftH  ai«  lampofirv  V  ti*"n*nani  tuftaca  raoa«i  IB  dfrva^od 
patafnam  Raia  •■itm  and  condii-or  at  p«lc^^  Aai*  aiiant 
(Wainia  10  Via  oa'ctmiga  of  M^aTiani  lunaca  *<**  w^  100  'ooi 
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Rating  Forms 

The  rating  forms  developed  by  IDOH  contains  all  the 
necessary  information  to  calculate  the  pavement  condition 
rating  (PCR).  The  forms  are  self-contained  in  the  sense 
that  there  is  no  need  to  take  a  field  manual  to  check  the 
descriptions  associated  with  each  potential  distress.  The 
rating  forms  contain  photographs  of  the  typical  distresses 
encountered  in  the  pavement  network  (for  example,  transverse 
cracks,  alligator  cracks,  bleeding,  and  so  on).  In  addition 
to  the  typical  photographs,  a  description  of  each  of  the 
distresses  is  included  in  the  form.  The.  magnitude  and 
severity  of  the  distress  are  also  taken  into  account  in  the 
rating  procedure. 

For  concrete  pavements  each  of  the  distresses  encoun- 
tered is  assigned  a  defect  rating  from  0  to  10.  The  higher 
the  rating  of  a  particular  distress,  the  greater  the  amount 
of  distress  present  in  the  section  in  question.  For  flexi- 
ble pavements,  those  distresses  which  are  less  critical  to 
the  overall  performance  of  the  pavement  structure  are 
assigned  a  defect  rating  from  0  to  5  (for  example,  block 
cracking,  polished  aggregate,  raveling,  and  so  on). 


The  criterion  used  to  assign  a  defect  rating  of  0  or  10 
is  a  function  of  the  magnitude  and  severity  of  the  distress. 
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For  example,  If  rutting  is  encountered  in  a  pavement  section 
and  the  rut  is  at  least  20  feet  long  along  the  wheelpaths, 
the  following  ratings  are  assigned: 

Rating  from  0  to  2  for  average  rut  depth  between 
1/4  and  1/2  inch; 

Rating  between  3  and  5  for  average  rut  depth  between 
1/2  and  3/4  inch; 

Rating  from  6  to  10  for  average  rut  depth  greater 
than  3/4  inch. 

Ruts  less  than  1/4  inch  deep  and  less  than  20  ft  long 
are  not  rated,  therefore,  are  not  considered  in  the  final 
condition  rating. 

There  are  some  exceptions,  for  example,  in  those  cases 
where  pumping  is  observed,  an  automatic  defect  rating  of  10 
is  assigned.  Otherwise,  no  defect  rating  is  recorded. 

Pavement  Condition  Determination 

The  pavement  condition  rating  for  the  interstate  system 
was  determined  using  the  following  equation: 


PCR  -  100  -   ID 
i-1 


(4.1) 
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whe  re 


PCR  -  pavement  condition  rating; 

n 

Z    D  -  sum  of  the  Individual  defect  ratings; 

i-1 

i  ■  distress  type; 

n  "  number  of  distress  types  encountered  in  a  contract 

section. 

For  concrete  pavements,  all  pavement  distresses  are 
grouped  into  ten  different  types  of  distresses  (see  Figure 
4.1).  For  asphalt  pavements,  thirteen  pavement  distresses 
are  considered  (see  Figure  4.2).  Both  rating  procedures 
take  into  account  the  overall  riding  quality  of  the  pavement 
section  within  the  100  point  score.  The  overall  riding 
quality  is  based  upon  the  roughness  number  of  the  section  in 
question  at  the  time  the  rating  was  performed. 


Crawf ordsville  Highway  District  Condition  Survey 

The  Crawf ordsville  Highway  District  was  selected  as  the 
study  area  for  the  Federal-aid  primary  and  secondary  system 
condition  survey  for  the  following  reasons.  First,  the  main 
goal  of  this  research  project  was  to  develop  a  mathematical 
model  for  establishing  maintenance  priorities  to  be  used  by 
Indiana  as  part  of  its  pavement  management  system.  The  model 
can  be  tested  using  a  representative   sample   of   the   state 
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road  mileage,  and  therefore,  It  Is  not  necessary  to  include 
all  pavement  sections  in  the  Federal-aid  primary  and  secon- 
dary system. 

Second,  as  budget  for  any  given  fiscal  year  is  allo- 
cated by  highway  district,  the  smallest  possible  area  to  be 
considered  in  the  model  appears  to  be  a  district.  Since  the 
two  organizations  associated  with  the  present  research  are 
located  within  the  Crawf ords ville  District  (Purdue  Univer- 
sity and  the  IDOH  Research  and  Training  Center),  it  was 
decided  to  use  this  District  as  the  study  area. 

Third,  the  capabilities  of  the  computer  programs 
currently  available  at  Purdue  and  used  in  this  research  can- 
not handle  the  entire  state  network  in  one  computer  run.  A 
highway  district  was  thus  considered  a  feasible  unit  for  the 
implementation  of  the  model. 

Selection  of  Test  Sections 


A  pavement  contract  section  was  used  as  the  smallest 
sample  unit  in  this  research  project.  For  each  contract 
section,  the  contract  length,  number  and  route  designation 
were  tabulated  according  to  the  current  roughness  number  and 
pavement  age  (see  Table  4.1).  All  contract  sections  classi- 
fied as  old  pavements  with  a  high  roughness  number  were  ini- 
tially taken  in  the  sample.   The  initial  trigger  value   used 
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for  pavement  age  was  10  years.  The  cut-off  value  used  for 
roughness  number  was  dependent  upon  the  type  of  pavement 
evaluated.  For  concrete  pavements,  a  cut-off  value  of  2000 
was  used.  For  asphalt  and  overlayed  pavements,  an  Initial 
cut-off  value  of  1400  was  used. 

Additional  Contract  Sections 

Several  additional  contract  sections  were  selected  for 
the  pavement  condition  survey  in  the  Crawf ordsville  Dis- 
trict. These  sections  were  selected  independent  of  the 
roughness  number  or  the  age  of  the  pavement  because  it  was 
felt  that  pavement  condition  index  may  not  be  necessarily 
dependent  upon  roughness  number  or  age  of  the  pavement  sec- 
tion . 

The  initial  reason  for  selecting  pavement  sections  on 
the  basis  of  roughness  number  and  pavement  age  was  the  need 
to  be  consistent  with  the  procedure  adopted  by  the  IDOH  in 
the  interstate  condition  survey  conducted  during  the  summer 
1982. 

Delineation  of  Travel  Loops 

All  selected  pavement  contract  sections  were  grouped 
into  travel  loops  originating  at  West  Lafayette.   The  travel 
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loops  were  laid  out  in  such  a  manner  that  the  farthest  con- 
tract section  was  within  an  80  mile  radius  from  West  Lafay- 
ette. Therefore,  all  pavement  sections  within  a  loop  can  be 
tested  in  one  day  assuming  the  weather  conditions  were 
favorable . 

A  total  of  eleven  loops  were  delineated  for  this  task. 
The  entire  survey  was  performed  in  a  two  week,  period  since 
on  one  day  the  two  travel  loops  closest  to  the  West 
Lafayette-Lafayette  Area  were  surveyed.  The  maps  showing 
the  travel  loops  used  in  this  study  along  with  the  pavement 
contract  sections  evaluated  during  the  pavement  condition 
survi^y  are  shown  in  Appendix  A. 


Sampling  Procedure 

A  random  sample  unit  was  generated  for  each  contract 
section.  For  example,  if  a  particular  contract  section  was 
6.4  miles  long,  a  random  number  between  1  and  64  was  gen- 
erated. This  number  corresponded  to  the  distance  from  the 
start  of  the  section  to  the  sample  unit  in  question.  How- 
ever, before  a  sample  unit  was  finally  selected,  a  visual 
check  was  made  by  driving  through  the  entire  section  to  see 
if  it  was  homogeneous  and  also  to  verify  if  the  sample  unit 
was  truly  representative  of  the  present  condition  of  the 
contract  section  in  question.  If  this  was  not  the  case, 
another  random  sample  unit  was  generated.    In   this   survey 
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additional  sample  units  were  required  only  on  those  pavement 
segments  which  were  close  to  an  intersection  passing  through 
a  town  or  village. 

For  asphalt  pavements,  a  sample  unit  was  specified  as 
100  ft.  long  and  24  ft.  wide.  For  concrete  pavements,  a 
sample  unit  included  20  slabs  with  a  slab  spacing  of  about 
30  ft.  In  those  sections  with  joint  spacing  greater  than  30 
ft.,  an  imaginary  joint  was  assumed  at  the  middle  of  the 
span.  In  most  cases  the  spacing  was  about  40  ft.  and  a 
transverse  crack  had  already  developed  at  mid-span.  This 
crack  was  then  assumed  as  the  Imaginary  joint. 


Rating  Forms  Description 

The  rating  forms  developed  by  the  U.S.  Army  Construc- 
tion Engineering  Research  Laboratory  (CERL)  were  used  to 
record  the  distresses  for  both  asphalt  and  concrete  pave- 
ments. These  forms  are  shown  in  Figures  4.3  and  4.4  for 
asphalt  and  concrete  pavements,  respectively. 

The  rating  manual  developed  by  CERL  was  required  during 
the  condition  survey.  It  contains  a  description  of  each  of 
the  distress  types  including  typical  photographs  at  dif- 
ferent severity  levels .  The  deduct  curves  for  each  of  the 
pavement  distresses  and  the  adjustment  curves  for  both 
asphalt   and   concrete   pavements  are  included  in  the  rating 
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ASPHALT  PAVEMENT  INSPECTION   SHEET 


BRANCH 
DATE  _ 


SECTION 

SAMPLE  UNIT. 


<iiiRVFyFnRy                                   arf^  hp  ^ak 

^PLE 

Distress  Types 

/    Alligator  Cracking       "'lO.  Lor>g3Trans  Cracking 
2.  Bleeding                         II.  Patcnmg  3  Util  Cut  Patching 
5.  Block  Cracking              12.  Polished  Aggregate 
*4.  Bumpi  ana  Sags        */3.  Potholes 

5.  Corrugation                  14  Railroad  Crossing 

6.  Depression                    15.  Rutting 
*7  Edge  Cracking               I6.  Shoving 

*  S  Jt  Reflection  Cracking     l7  Slippage  Cracking 

*  9  Lane/Shidr  Drop  Off    18.  Swell 

19.  Weathering  and  Raveimg 

SKETCH! 

EXISTING  DISTRESS  TYPES 

A"- 

1%^ 

^^H 

PCI  CALCULATION 

DISTRESS 
TYPE 

DENSITY 

SEVERITY 

DEDUCT 
VALUE 

PCI  =  100- CDV  = 

RATING  - 

DEDUCT  TOTAL 

CORRECTED  DEDUCT  VALUE  (CDV) 

*  All  Distresses  Are  Measured  In  Square  Feet  Except  Distresses  4,7,8,9 
and  lO  Which  Are  Measured  In  Linear  Ft ;  Distress  13  is  Measured  in 
Number  of  Potholes. 


Figure  4.3  Flexible  Pavenent  Rating  Fom  Uced  la 

Crawfordsville  District  Condition  Survey.  [33] 


CONCRETE   PAVEMENT  INSPECTION  SHEET 
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BRANCH, 
DATE  ^ 


SECTION 


SURVEYED  BY. 


10 


SAMPLE  UNIT 
SLAB  SIZE 


Distress  Types 

21.  Blow-up                        31.  Polished 
Buckling/Shattering            Aggregate 

22.  Comer  Break              3  2.  Popouts 

23.  Diviaea  Slab_   „           3  3.  Pumpmg 

24  Durability  ("O")         34.  Punchout 
Cracking                     35.  Railroad 

25  Faulting                               Crossing 

26.  Joint  Seal  Damage      3  6.  Scaling/ Map 

27.  Lane/Shidr  Drop  Off          Cracking/Craimg 

28.  Linear  Cracking          3  7.  Shrinkage  Cracks 

29.  Patching,  Large  3      3  3.  Spoiling,  Corner 
Util  Cuts                       3  9.  Spoiling,  U 

30.  Patching,  Small                 Joint 

' / /  •  /  '///'//////// 

y  y  y  //>  /  '/> 

DIST. 
TYPE 

SEV. 

NO 
SLABS 

% 

SLABS 

DEDUCT 
VALUE 

26* 

yyy/A 

v/y/A 

DEDUCT   TOTAL 

CORRECTED  DEDUCT  VALUE  (CDV) 

PCI  •  too  '  CDV 

s 

RATING 

s 

1 

12  3  4 

m  All  Distresses  Are  Counted  On  A  Slab-BySlat  Basis  Except 
0istress26,  Which  is  Rated  For  the  Entire  Sampia  Unit. 

Figure  4.4  Ricid  Pavement  Rating  Fom  Uoed  In  Crawfordaville 
District  Condition  Surrey.  [33] 
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manual  along  with  the  steps  for  computing  the  pavement   con- 
dition index  (PCI). 

Pavement  Condition  Determination 

The  Pavement  Condition  Index  (PCI)  developed  by  Shahin 
was  used  as  the  indicator  of  the  present  pavement  condition 
[33].  This  method  is  based  on  deduct  values  which  are  a 
function  of  the  types,  severities,  and  densities  of  visible 
dis  tress  es  . 

The  model  used  to  represent  the  PCI  is  as  follows: 


P   m^ 

PCI  -  100  -  [  E  Z       a(T  ,S  ,D   )]  F(t,q) 
i-lj-1        -'    -' 


(4.2) 


where 


PCI  »  pavement  condition  index; 
a(  )  ■  a  weighted  deduct  value  which  depends  on  the 
type  of  distress  T  ,  severity  level  S  ,   and 
distress  density  D,  .; 
i  •"  counter  for  distress  types; 
j  »  counter  for  severity  levels; 

p  »  total  number  of  distress  types  for  the  pavement 
type  under  consideration; 
m   -  number  of  severity  levels  on  the  i    type  of 
distress ; 
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F(t,q)  -  an  adjustment  function  for  multiple  distresses 

which  vary  with  the  total  summed  deduct  value  (t) 
and  number  of  deducts  (q). 

The  steps  used  in  this  study  to  determine  the   PCI   are 
shown  in  Figure  4.5  and  summarized  below: 

1.  Divide  the  contract  section  into  sample  units 

2.  Inspect  each  sample  unit  and  determine  the  types  of 
distresses  and  severity  levels  associated  to  each  dis- 
tress. Measure  the  extent  (density)  associated  to  each 
distress  type,  severity  level  and  density  combination. 

3.  Compute  the  total  deduct  value  for  each  sample  unit 
(TDV) . 

4.  Adjust  the  total  deduct  value  (CDV)  using  the  adjust- 
ment function  applicable  to  each  sample  unit.  The 
adjustment  function  is  dependent  on  the  number  of 
entries  with  deduct  values  over  5  points  as  well  as  the 
total  deduct  value  (TDV). 

5.  Compute  the  pavement  condition  index  for  each  sample 
unit  by  subtracting  the  corrected  deduct  value  from  100 
[PCI-100  -  CDV] . 

6.  Compute  the  PCI  of  the  entire  contract  section  by  tak- 
ing the  average  of  the  PCI's  sample  units. 

7.  Determine  the  pavement  condition  rating  of  the  contract 
section  (i.e.  Excellent,  Very  Good,  Good,  Fair,  Poor, 
Very  Poor,  Failed) 

Asphalt  pavements,  overlay  pavements,  and  jointed  rein- 
forced concrete  pavements  within  the  Crawf ords ville  District 
were  evaluated  using  the  afore-mentioned  procedure. 
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Step  I.    Inspect   Povemenf 

Determine  Distress  Types  ond  Severity 
Levels  and  Meosure  Density 


Light  LBT  Crocking 
Medium  Alligoter 


Step  2.  Determine  Deduct  Values 

LftT  Croelcinq 


0.1  Too 

Density  Percent 
(Log  Scale) 


Density  Percent 
(Log  Scale) 


Step  3.  Compute  Total  Deduct  Value 
(TDV)=atb 

Step  4.  Adjust  Total  Deduct  Vake 


Step  6.   Determine  Pavement 
Condition  Roting 


RATING 


Eictilcnt 


V«ry  Good 


Good 


Foir 


Poor 


V«ry^Poor 


Foiitd 


TDV«o«b  100 

Total  Deduct  Volue 


200 


Step  5.   Compute  Povement   Condition 
index  (PCI) -lOa-CDV 


Figure  4.5      Steps   for  Calculating  the  Pavement 
Condition   Index.      [33] 
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Equipment  Used 

The  equipment  used  during  the  pavement  condition  survey 
consisted  of  an  odometer  wheel,  8  ft.  straight-edge,  the 
Inspection  forms,  and  the  PCI  distress  guide. 

The  hand  odometer  was  used  In  asphalt  pavements  to 
measure  the  lengths  and  area  associated  to  each  distress.  It 
was  also  used  to  measure  the  length  and  width  of  the  sample 
section  In  question. 

The  8  ft.  straight-edge  was  used  In  conjunction  with  a 
ruler  to  measure  faulting  and  lane/shoulder  drop-off  In  con- 
crete pavements.  In  asphalt  pavements  It  was  used  to  meas- 
ure the  depth  of  ruts  as  well  as  depressions. 

The  PCI  distress  guide  developed  by  the  Construction 
Engineering  Research  Lab  (CERL)  was  required  during  the  con- 
dition survey  since  each  distress  type  has  different  sever- 
ity levels  (low,  medium,  high)  and  different  means  to  meas- 
ure the  extent  of  the  distress  (I.e.  linear  feet,  square 
feet,  number  of  potholes,  and  so  on). 
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Analysis  of  Pavement  Condition  Data 

Interstate  Condition  Survey 

The  pavement  condition  rating  was  computed  for  247 
pavement  sections  within  the  Interstate  system,  of  which  24  1 
were  jointed  reinforced  and  continuously  reinforced  concrete 
pavement  sections  and  the  remaining  six  were  flexible  pave- 
ment sections  primarily  overlayed  sections.  All  the  con- 
crete contract  sections  having  a  roughness  number  greater 
than  2000  as  well  as  all  the  flexible  pavement  sections  with 
roughness  number  greater  than  1400  were  evaluated. 

For   ease   of   understanding,   the   discussion   of   the 

results   of  the  Interstate  condition  survey  was  divided  into 

three  sections.  The  first  two  sections  describe  the   results 

applicable   to   the   24  1  jointed  reinforced  and  continuously 

reinforced  concrete  pavement  sections  surveyed.  The   third 

section   discusses   the   results   pertaining  to  the  flexible 
pavement  sections  surveyed. 

Discussion  of  Results 


JRC  Pavements:  Figure  4.6  shows  the  distribution  of 
the  pavement  condition  rating  for  the  jointed  reinforced 
concrete  pavements  evaluated  in  this  condition  survey.  It 
Is   Interesting  to  note  that  over  68  percent  of  the  concrete 
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pavement  sections  which  have  a  roughness  number  greater  than 
2000  counts  per  mile  thus,  in  fact,  have  a  pavement  condi- 
tion rating  greater  than  70.  In  other  words,  the  surface 
condition  of  most  of  the  interstate  concrete  pavement  sec- 
tions surveyed  are,  in  a  sense,  in  fairly  good  condition. 
This  implies  that  rough  pavement  surfaces  are  not  neces- 
sarily those  pavements  which  are  severely  distressed.  This 
brings  out  the  importance  of  conducting  a  complete  pavement 
condition  survey  in  the  implementation  of  a  pavement  manage- 
ment system  for  Indiana.  Roughness  measurements  by  itself, 
is  not  a  good  indicator  of  the  overall  structural  condition 
of  the  pavement.  The  importance  of  a  complete  pavement  con- 
dition survey  cannot  be  overemphasized. 

In  order  to  know  the  magnitude  and  severity  of  each  of 
the  pavement  distresses  encountered  on  pavements  in  the 
state  of  Indiana,  a  series  of  histograms  have  been  con- 
structed and  discussed  in  the  following  sections. 


Figures  4.7  shows  the  distribution  of  the  pavement 
distresses  encountered  on  the  jointed  reinforced  concrete 
pavement  sections  evaluated  in  this  study.  Figures  4.8 
through  4.16  show  the  defect  rating  distributions  for  each 
individual  pavement  distress. 
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Figure  4.8    Defect  Rating  Distribution  for  Faulting 
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Figure  4.9    Defect  Rating  Distribution  for  Patching. 
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Figure  4. 1  0    Defect   Rating  Distribution  for  Longitudinal 
Joint  Separation. 
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Figure  4.1  I     Defect  Rating  Distribution  for  Pavement 
Breakup. 
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Figure  4. 1  2    Defect  Rating  Distribution  for  Transverse  Cracks. 
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Figure  4.13    Defect  Rating  Distribution  for  Longitudinal  Cracks. 
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Figure  4.14     Defect  Rating  Distribution  for  Durability  Cracks 
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Figure  4.15     Defect  Rating  Distribution  for  Spalled  Cracks. 
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Figure  4.16     Defect  Rating  Distribution  for  Pumping- 
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The  most  important  aspects  of  these   distributions   are 
summarized  below: 

1.  Over  98  percent  of  the  pavement  sections  which  have  a 
roughness  number  greater  than  2000  thus  in  fact  have 
faulted  joints  or  cracks.  Faulting  appears  to  be  quite 
severe  since  sixty-percent  of  these  pavement  sections 
were  assigned  a  defect  rating  of  at  least  five  on  a 
global  scale  of  ten  (see  Figure  4.8). 

2.  Patches  were  encountered  in  less  than  20  percent  of  the 
pavement  sections  surveyed.  In  addition,  they  appear 
to  be  in  very  good  structural  condition  since  none  of 
them  was  given  a  defect  rating  greater  than  five  (see 
Figure  4.9) . 

3.  Longitudinal  joint  separation  does  not  appear  to  be  a 
significant  factor  in  the  high  roughness  readings 
encountered  in  the  pavement  sections  surveyed  since 
only  4  percent  of  the  sections  were  assigned  a  defect 
rating  of  greater  than  five,  and  83  percent  of  the  sec- 
tions assigned  a  defect  rating  of  2  or  less  (see  Figure 
4.10). 


Pavement  breakup  was  not  considered  to  be  critical  in 
the  high  roughness  readings  since  less  than  three  per- 
cent of  the  sections  have  a  defect  rating  greater  than 
or  equal  to  five  (see  Figure  4.11). 

As  expected,  transverse  cracks  were  encountered  on 
almost  every  pavement  section  surveyed.  The  distribu- 
tion of  the  transverse  cracks  in  these  sections  follow 
a  normal  distribution  with  about  60  percent  of  the  sec- 
tions have  been  assigned  a  defect  rating  of  at  least 
five  (see  Figures  4.12). 

Longitudinal  cracks  were  only  encountered  on  twelve 
percent  of  the  sections  and  the  defect  rating  assigned 
to  them  was  always  less  than  three  (see  Figure   4.13). 

Durability  cracks  were  encountered  on  fifty  percent  of 

the  pavement  sections  evaluated  but,  only  15  percent  of 

them  have  been  assigned  a  defect  rating  greater  than  or 
equal  to  five  (see  Figure  4.14). 

Spalled  cracks  were  present  on  almost  every  pavement 
section  surveyed,  however,  only  9  percent  were  assigned 
a  defect  rating  greater  than  five  (see   Figure  4.15). 
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9.  Evidence  of  pumping  was  present  on  22  percent  of  the 
pavement  sections  surveyed.  All  of  these  sections  were 
assigned  an  automatic  defect  rating  of  10.  (see  Figure 
A.16)  . 


CRC  Pavements:  Thirteen  continuously  reinforced  con- 
crete pavement  sections  were  evaluated  as  part  of  the  inter- 
state condition  survey.  The  pavement  condition  rating  dis- 
tribution is  shown  in  Figure  4.17.  Over  ninety  percent  of 
the  CRC  pavement  sections  have  been  assigned  a  pavement  con- 
dition rating  of  at  least  70.  Figure  4.18  shows  the  fre- 
quency distribution  of  the  pavement  distresses  encountered 
in  the  CRC  pavement  sections  evaluated.  The  defect  rating 
distributions  for  each  individual  pavement  distress  encoun- 
tered in  CRC  pavements  are  also  shown  in  Figures  4.19 
through  Figure  4.26. 

The  most  Important  aspects  of  the  defect  rating  distri- 
butions are  summarized  below: 

1  .   Longitudinal  cracks  were  encountered  on  over  60  percent 

of  the  pavement  sections  surveyed.   However,  the  defect 

rating  assigned  to  them  was  in  most   cases,  less   than 
two  (see  Figure  4.19). 

2.  Spalled  cracks  were  present  in  almost  every  pavement 
section  evaluated.  As  it  was  the  case  for  longitudinal 
cracks,  the  defect  rating  assigned  to  them  was  in  most 
cases,  less  than  or  equal  to  two  (see  Figure  4.20). 

3.  Longitudinal  joint  separation  was  present  in  over  60 
percent  of  the  sections  evaluated  however,  only  one 
section  had  a  defect  rating  greater  than  five  (see  Fig- 
ure 4.21). 
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Figure  4.17     Distribution  of  Pavement  Condition  Rating  (PCR) 
for  Continuously  Reinforced  Concrete  (CRC)  Pave 
ments  in  the  Interstate  System. 
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Figure  4. 1  9    Defect  Rating  Distribution  for  Longitudinal  Cracks. 
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Figure  4.20 


Defect  Rating  Distribution  for  Crack 
Spalling. 
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Figure  4.2  I     Defect  Rating  Distribution  for  Longitudinal 
Joint  Separation. 
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Figure  4.22    Defect  Rating  Distribution  for  Faulting. 
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Figure  4.23    Defect  Rating  Distribution  for  Patches. 
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Figure  4.24     Defect  Rating  Distribution  for  Pumping. 
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Figure  4.25     Defect  Rating  Distribution  for  Pavement  Breakup. 


136 


> 
O 

2 
LU 

o 

LLI 
CC 
U. 


z 

LU 

-J 

a. 

< 

CO 


10- 
8  - 
6 
4  - 
2  - 


0123456789    10 


DEFEECT  RATING 


Figure  4.2  6  Defect  Rating  Distribution  for  Transverse 
Cracks. 
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4. 


5. 


6. 


7. 


8. 


9. 


Durability  cracks  were  not  present  in  any   of 
pavement  sections  evaluated. 


the   CRC 


Faulting  was  not  a  critical  distress,  neither  pavement 
breakup  even  though  it  was  present  in  46  percent  of  the 
test  sections  (see  Figure  4.22). 

Patches  were  present  in  almost  40  percent  of  the  pave- 
ment sections,  however,  none  of  them  is  considered  to 
be  severely  distressed  (see  Figure  4.23). 

Three  of  the  thirteen  sections  show  evidence  of  pump- 
ing, primarily  at  the  pavement  edges  (see  Figure  4.24). 

Pavement  Breakup  was  present  on  46  percent  of  the  sec- 
tions but,  the  defect  rating  assigned  was  always  less 
than  two  (see  Figure  4.25). 

Transverse  cracks  were  present  on  all  CRC  sections 
evaluated  with  the  majority  of  the  sections  been 
assigned  a  defect  rating  of  four  (see  Figure  4.26). 


Flexible  Pavements:  In  Indiana's  Interstate  system, 
most  of  the  sections  classified  as  flexible  pavements  are 
jointed  reinforced  concrete  pavements  which  have  been  over- 
layed  within  the  last  eight  years.  Several  full  depth 
asphalt  pavement  sections  are  also  considered  within  this 
category. 


Only  five  flexible  pavement  sections  were  encountered 
which  have  a  roughness  number  greater  than  1400.  All  of  the 
five  sections  were  assigned  a  pavement  condition  rating  of 
at  least  80,  with  an  average  rating  of  about  83.  Rutting 
was  the  major  source  of  distress  in  two  of  the  five  sec- 
tions, while  patches  and  pumping  were  the  other  major  dis- 
tresses encountered  in  two  of  the  three  remaining   sections. 
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The  defect  rating  assigned  to  them  was  6  and  10,  respec- 
tively. The  remaining  sections  did  not  have  a  major  dis- 
tress present  since  the  highest  defect  rating  assigned  was 
never  greater  than  three. 

Pavement  Condition  Rating  Prediction 

An  attempt  was  also  made  to  predict  the  pavement  condi- 
tion rating  using  roughness  measurements,  pavement  age,  and 
current  traffic  (ADT)  as  the  independent  variables.  The 
regression  model  developed  for  this  purpose  is  of  the  fol- 
lowing form: 

PCR  -  126. 22-0. 00035*ADT-0.0143*RN-0.725*AGE     (4.3) 

where : 

PCR  ■  pavement  condition  rating; 

ADT  «  average  daily  traffic  in  one  direction; 

RN  =•  roughness  number  in  counts  per  mile; 

AGE  =»  pavement  age  (1982  -  year  opened  to  traffic). 


In  this  model,  pavement  age  appears  to  be  the  most  sig- 
nificant independent  variable  in  predicting  the  pavement 
condition  rating. 

If  the  age  of  the  pavement  section  is  not  known,  the 
following  model  can  be  used: 
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PCR  -  109.986  -  0.00005*ADT  -  0.0136*RN 


(4.4) 


A  simplified  regression  model  was  also  developed  to 
estimate  the  pavement  condition  rating  based  only  on  rough- 
ness measurements.  This  is  shown  below: 


PCR  -  109.53  -  0.136*RN 


(4.5) 


A  regression  model  to  estimate  pavement  condition  rat- 
ing as  a  function  of  pavement  age  and  roughness  number  is 
also  shown  below: 


PCR  -  118.25  -  0.464*AGE  -  0.014*RN 


(4.6) 


In  this  model  the  effect  of  pavement  age  in  estimating 
the  pavement  condition  rating  is  evident. 

It  is  not  the  purpose  of  this  research  project  to  con- 
duct a  comprehensive  statistical  analysis  on  the  effect  of 
roughness,  traffic,  and  pavement  age  on  the  pavement  condi- 
tion rating  but,  to  show  the  importance  of  collecting  pave- 
ment condition  data  in  conjunction  with  roughness  measure- 
ments as  part  of  IDOH  pavement  monitoring  program.  The 
regression  equations  included  in  this  section  should  only  be 
considered  as  a  guide.  Even  though  a  correlation  exists 
between  pavement  condition  rating,  pavement  age,  and 
traffic,  it  is  not  a  strong  relation  that  can  be  used  to 
make  investment  decisions. 
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The  primary  reason  for  conducting  the  condition  survey 
was  to  show  the  importance  of  the  pavement  condition  rating 
in  the  overall  pavement  management  process.  This  parameter 
should  be  considered  in  the  optimization  program. 

Crawf ordsvllle  Highway  District 

The  pavement  condition  index  (PCI)  was  determined  on 
111  of  the  115  sample  pavement  sections  initially  chosen 
using  the  procedure  explained  in  the  PCI  distress  guide 
developed  by  CERL.  Of  the  111  test  sections,  90  were 
grouped  as  asphalt  and  overlayed  pavements  and  the  remaining 
21  sections  were  classified  as  concrete  pavements.  Four 
test  sections  were  eliminated  since  they  were  resurfaced. 

Discussion  of  Results 


Asphalt  Pavements:  The  distribution  of  the  pavement 
condition  index  for  flexible  pavement  sections  evaluated  in 
this  study  is  shown  in  Figures  4.27.  It  is  interesting  to 
note  that  even  though  most  of  the  pavement  sections  are  very 
rough  (i.e.  RN  >  2000)  and  relatively  old  (i.e.  age  >  10 
years),  the  majority  of  the  pavements  evaluated  are  in  a 
sense,  in  good  surface  condition.  In  other  words,  pavement 
condition  index  for  the  pavements  located  in  the  Crawfords- 
vllle  Highway  District  is  relatively  high  taking  into 
account   the   sampling   procedure   was   based   primarily   on 
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Figure  4.27  Distribution  of  Pavement  Condition  Index    (PCI)  for 
Flexible  Pavement  Sections  Evaluated  in  the 
Crawfordsville  Highway  District. 
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sections  which  have  a  high  roughness  level  as  well  as   rela- 
tively old  as  compared  to  the  entire  pavement  population. 

Figure  4.28  shows  the  distribution  of  the  flexible 
pavement  distresses  in  the  Crawf ords vi lie  Highway  District. 
Figure  4.29  shows  a  further  breakdown  of  each  of  the  pave- 
ment distress  according  to  the  severity  of  the  distress  in 
question.  Figures  4.30  through  4.45  show  the  deduct  value 
distribution  for  each  individual  distress.  As  the  deduct 
value  increases,  the  magnitude  and  severity  of  the  distress 
in  question  increases  as  well.  In  the  Interstate  condition 
survey  the  defect  rating  was  used  as  the  measure  of  the  mag- 
nitude and  severity  of  each  distress.  In  this  case  as  the 
defect  rating  increases,  the  distress  in  question  becomes 
more  critical. 


The  most  important  aspects  of  the  deduct  value   distri- 
butions are  discussed  below: 

1.  Alligator  cracks  were  encountered  on  41  percent  of  the 
pavement  sections  surveyed.  On  only  twelve  percent  of 
these  sections  the  distress  were  classified  as  medium 
severity.  However,  due  to  the  magnitude  and  extent  of 
the  distress,  over  55  percent  of  the  these  sections 
were  assigned  a  deduct  value  of  at  least  30  (see  Figure 
4.30)  . 

2.  Bleeding  was  present  on  34  percent  of  the  pavement  sec- 
tions, of  which  16  percent  experience  severe  bleeding. 
However,  only  8  percent  of  these  sections  were  assigned 
a  deduct  value  greater  than  40  (see  Figure  4.31). 

3.  Rutting  was  encountered  on  49  percent  of  the  pavement 
sections   evaluated.    On   40  percent  of  these  sections 
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Sample  Unit  Frequency    ^ 

Distress    Type 

Alligator  Cracking 

L* 
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L 
M 
H 


Bleeding 
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^    H 


u 
<u 
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H 


Block  Cracking 
4 


J 


1 


Bumps  and  Sags 
2 


J- 


M 
H 


Depressions 
5 


L  -  Low,  M  «  Medium,  and  H  -  High. 

Figure  4.29      Distribution  of  Flexible  Pavement  Distresses  in  the 
Crawfordsville  Highway  District  According  to 
Severity  Level. 
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SAMPLE  UNIT  FREQUENCY 
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Figure  4.29  Distribution  of  Flexible  Pavement  Distresses  in 
the  Crawfordsville  Highway  District  According 
to  Severity  Level  (Continued). 
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Rgure  4.30    Deduct  Value  Distribution  for  Alligator  Cracking. 
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Figure  4.3  I     Deduct  Value  Distribuion  for  Bleeding. 
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Figure  4.32    Deduct  Value  Distribution  for  Ruttinq- 
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Figure  4.33    Deduct  Value  Distribution  for  Potholes. 
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Figure  4.34 


Deduct  Value  Distribution   for  Longitudinal 
and  Transverse  Cracks. 


> 

JO 

o 

2 

3? 

LU 

3 

o 

28 

III 

cc 

24 

u. 

H- 

20 

T' 

D 

16 

III 

_l 

12 

a. 

::s 

a 

< 

CO 

4 

— ' 1 : 1 1 1 1 

0    10  20  30  40  50  60  70  80  90  100 


DEDUCT  VALUE 


Figure  4,35    Deduct  Value  Distribution  for  Edge  Cracking. 
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Figure  4.36    Deduct  Value  Distribution  for  Joint  Reflection  Cracking. 
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Figure  4.37    Deduct  Value  Distribution  for  Weathering  and  Raveling. 
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Figure  4.38     Deduct  Value  Distribution  for  Block.  Cracking. 
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Figure  4.39     Deduct  Value  Distribution  for  Patching 
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Figure  4.40       Deduct  Value  Distribution  for  Shoving. 
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Figure  4.41     Deduct  Value  Distribution  for  Bumps  and  Sags. 
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Figure  4.42      Deduct  Value  Distribution  for  Swelling. 
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Figure  4.43      Deduct  Value  Distribution  for  Polished  Aggregate. 
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Figure  4.44      Deduct  Value  Distribution  for  Depressions, 
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Figure  4.45 


Deduct  Value  Distribution  of  Lane/Shoulder 
Drop-Off. 
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the  ruts  were   classified   as   either  medium   or   high 

severity,   with   almost   60   percent  of   the   sections 

assigned  a  deduct  value  of   at   least  30   (see   Figure 
4.32). 

4.  Potholes  were  encountered  on  only  13  percent  of  the 
pavement  sections.  The  deduct  value  was  never  greater 
than  30  (see  Figure  4.33). 

5.  Longitudinal  and  transverse  cracks  are  grouped  into  one 
major  distress  type,  in  contrast  to  the  interstate  con- 
dition survey.  Over  83  percent  of  the  pavement  sec- 
tions have  this  type  of  distress.  Thirty-three  percent 
of  the  longitudinal  and  transverse  cracks  were  classi- 
fied as  either  medium  or  high  severity  (see  Figure 
4.34). 

6.  Edge  cracking  was  encountered  on  51  percent  of  the  sec- 
tions of  which  52  percent  were  classified  as  medium  or 
high  severity.  The  deduct  value  assigned  to  this  dis- 
tress was,  in  most  cases,  less  than  30  (see  Figure 
4.35). 

7.  Joint  reflection  cracking  was  noticed  on  35  percent  of 
the  pavement  sections  evaluated.  Forty-six  percent  of 
the  sections  were  considered  to  be  of  medium  and  high 
severity.  Nevertheless,  the  deduct  value  assigned  was, 
in  most  cases,   between  0  and  20  (see  Figure  4.36). 

8.  Weathering  and  raveling  were  present  in  only  7  percent 
of  the  pavement  sections  evaluated.  On  20  percent  of 
these  sections  the  deduct  value  assigned  was  greater 
than  30  (see  Figure  4.37). 

9.  Block  cracking  was  present  on  only  five  of  the  pavement 
sections  evaluated,  but  only  one  section  was  assigned  a 
deduct  value  greater  than  30  (see  Figure  4.38). 

10.   Patches  were  encountered  on  fourteen   of  the   pavement 

sections  surveyed.   Only  two  of  the  eight  sections  were 

assigned  a  defect  rating  of   30   or   more  (see   Figure 
4.39). 


11.   Shoving  was  present  on  only  two  pavement  sections   how- 
ever,  both  sections  were  classified  as  medium  severity 


and  the  deduct  value  assigned  to 
excess  of  30  (see  Figure  4.40). 


them   was   always 


in 
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12.  Bumps  and  sags  were  present  in  only  three  pavement  sec- 
tions, of  which  one  was  assigned  a  deduct  value  of  44 
(see  Figure  4.41). 

13.  The  remaining  distresses  (swelling,  polished  aggregate, 
depression,  and  lane/shoulder  drop-off)  were  not  so 
critical  In  the  pavement  sections  evaluated.  The 
deduct  value  associated  to  these  distresses  was  always 
below  20  (see  Figures  4.42  through  4.45). 


Concrete  Pavements:  Figure  4.46  shows  the  distribution 
of  the  pavement  condition  index  for  the  concrete  pavement 
sections  evaluated  in  the  Crawf ordsville  Highway  District. 
Figure  4.47  shows  the  distribution  of  the  concrete  pavement 
distresses,  while  Figure  4.48  shows  a  further  breakdown  of 
these  distresses  according  to  severity  level.  Figures  4.49 
through  4.57  show  the  deduct  value  distribution  for  each 
individual  pavement  distress.  The  most  important  aspects 
regarding  these  distributions  are  summarized  below: 

1.  Durability  cracks  were  encountered  on  28  percent  of  the 
pavement  sections  evaluated  and  about  50  percent  of 
them  were  classified  as  medium  or  high  severity.  How- 
ever, only  one  of  the  sections  was  assigned  a  deduct 
value  greater  than  30  (see  Figure  4.49). 

2.  The  joint  seal  was  damage  in  every  concrete  pavement 
section  surveyed.  Therefore,  Incompressible  material 
is  most  likely  to  enter  through  the  joints.  However, 
the  maximum  deduct  value  assigned  to  this  particular 
distress  is  only  8  (see  Figure  4.50). 

3.  Spalled  joints  were  encountered  on  over  90  percent  of 
the  pavement  sections  evaluated.  Most  of  them,  how- 
ever, were  classified  as  low  severity  (see  Figure 
4.51). 

4.  Popouts  were  encountered  on  76  percent  of  the  pavement 
sections  but,  the  deduct  value  assigned  to  them  was 
never  greater  than  20  (see  Figure  4.52). 
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SAMPLE  UNIT  FREQUENCY 
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LINEAR  CRACKING 

PATCHING 

POLISHED  AGGREGATE 

POPOUTS 

SCALING/MAP  CRACKING 

SHRINKAGE  CRACKS 

SPALLING  ,  CORNER 

SPALLING  ,  JOINT 


10 


21 


16 


19 


Figure  4.47    Distribution  of  Concrete  Pavement  Distresses  in  the 
Crawf  ordsville  Highway  District, 
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SAMPLE  UNIT  FREQUENCY 
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Figure  4.48      Distribution  of  Concrete  Pavement  Distresses  in  the 
Crawfordsvllle  Highway  District  According  to 
Seventy  Level. 
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Figure  4.48  Distribution  of  Concrete  Pavement  Distresses  in  the 
Crawfordsville  Highway  District  According  to 
Severity  Level  (Continued). 
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Figure  4.48  Distribution  of  Concrete  Pavement  Distresses  in  the 
Crawfordsville  Highway  District  According  to 
Severity  Level  (Continued) . 
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SAICLE    UNIT  FREQUENCY 
Distress    Type 
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Figure  4.48  Distribution  of  Concrete  Pavement  Distresses  in  the 
Crawfordsville  Highway  District  According  to 
Severity  Level  (Continued). 
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Figure  4.49 
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Figure  4.50      Deduct  Value  Distribution  for  Joint  Seal 
Damage. 
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Figure  4.51      Deduct  Value  Distribution  for  Joint  Spalling 
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Figure  4.52       Deduct  Value  Distribution  for  Popouts. 
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Figure  4.53    Deduct  Value  Distribution  for  Corner  Break. 
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Figure  4.54    Deduct  Value  Distribution  for  Linear  Cracking. 
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Figure  4.55        Deduct  Value      Distribution  for  Corner  Spalllng. 
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Figure  4.56     Deduct  Value  Distribution  for  Patching. 
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Figure  4.57       Deduct  Value  Distribution  for  Shrinkage  Cracks 
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5.  Corner  Break  was  present  In  only  19  percent  of  the 
pavement  sections  evaluated.  The  deduct  value  assigned 
never  exceeded  the  value  of  30  (see  Figure  4.53). 

6.  Linear  cracking,  corner  spalllng,  patching,  and  shrink- 
age cracks  were  also  present  but  the  deduct  value 
assigned  to  them  was  always  in  the  range  of  0  to  20 
(see  Figures  4.54  through  4.57). 

An  attempt  was  also  made  to  check  whether  or  not  a 
correlation  existed  between  the  roughness  number,  pavement 
condition  index,  pavement  age,  and  traffic.  As  it  was 
expected,  there  was  little  correlation  between  pavement  con- 
dition index  and  roughness.  In  addition,  the  correlation 
between  pavement  condition  index  and  current  ADT  was  very 
low  as  well.  Scatter  plots  of  pavement  condition  index 
versus  roughness  and  pavement  condition  index  versus  pave- 
ment age  are  presented  in  Figures  4.58  and  4.59.  It  can  be 
seen  that  there  is  no  specific  pattern  between  pavement  con- 
dition, roughness,  and  pavement  age. 


The  primary  reason  for  conducting  the  pavement  condi- 
tion survey  was  to  have  an  objective  measure  of  the  pavement 
distresses  observed  on  pavements  throughout  the  state  of 
Indiana.  The  importance  of  conducting  a  pavement  condition 
survey  has  been  recognized  by  highway  agencies  that  have 
Implemented  pavement  management  systems  at  both  the  network 
and  project  level. 
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It  should  be  kept  in  mind  that  the  rating  forms  and 
rating  manual  used  in  this  study  to  rate  pavement  sections 
in  the  Crawf ordsville  Highway  District  were  developed  ini- 
tially for  pavements  located  in  military  installations  and 
not  for  pavements  located  in  the  Federal-aid  primary  and 
secondary  system  as  used  in  this  study.  This  method,  how- 
ever, was  the  best  procedure  available  by  the  time  of  this 
survey. 


Comparison  of  Rating  Procedures 

There  are  several  differences  between  the  two  pro- 
cedures used  in  this  study  to  rate  pavements  in  the  Inter- 
state system  and  the  Federal-aid  primary  and  secondary  sys- 
tem. First,  the  PCI  method  uses  an  adjustment  function 
which  takes  into  account  the  different  types  of  distresses 
present  in  a  given  pavement  section,  therefore  It  is  not 
directly  proportional  to  the  magnitude  and  severity  of  the 
distresses  encountered.  For  example,  you  might  have  a  pave- 
ment section  with  just  ruts  along  the  wheelpath  and  no  other 
major  distress  and  the  section  will  be  assigned  a  pavement 
condition  index  of  about  55.  On  the  other  hand,  if  the  rat- 
ing procedure  developed  by  IDOH  is  used,  the  maximum  deduc- 
tion for  the  same  type  of  distress  is  just  10  points,  there- 
fore, the  pavement  condition  rating  assigned  to  the  same 
pavement  section  will  be  90  instead  of  55. 
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Another  major  difference  is  the  fact  that  the  IDOH  rat- 
ing form  takes  into  account  the  overall  riding  quality  of 
the  pavement  section  in  question  in  the  final  rating.  The 
amount  deducted  from  the  final  rating  is  a  function  of  the 
roughness  number,  for  example,  if  the  roughness  number  of  a 
concrete  pavement  section  is  between  2000  and  2250,  between 
0  and  3  points  are  deducted  from  the  overall  rating.  If  the 
roughness  number  is  between  2251  and  2570,  between  4  and  7 
points  are  subtracted,  up  to  a . roughness  number  of  3800,  In 
which  a  maximum  of  10  points  are  deducted. 


The  PCI  method  does  not  take  into  account  the  riding 
quality  in  terms  of  the  roughness  number,  however,  is  con- 
sidered in  a  rather  subjective  manner.  The  final  rating 
however  is  not  greatly  affected  as  it  is  the  case  when  the 
IDOH  rating  procedure  is  used.  This  is  the  main  reason  why 
a  correlation  was  encountered  when  using  the  IDOH  rating 
forms  between  pavement  condition  rating  and  roughness. 
Since  roughness  is  already  taken  into  account  in  the  process 
of  computing  the  pavement  condition  rating,  it  is  most 
likely  that  pavements  which  show  higher  levels  of  roughness 
have,  in  a  sense,  a  lower  rating.  In  statistics,  the  vari- 
able roughness  is  often  referred  as  a  concomitant  variable 
[99]. 
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Summary 

This  chapter  described  the  two  pavement  condition  sur- 
veys which  were  conducted  to  provide  an  objective  measure  of 
the  pavement  distresses  currently  encountered  in  Indiana. 
Different  methods  were  used  to  rate  pavements  in  the  Inter- 
state system  and  in  the  Federal-aid  primary  and  secondary 
systems.  The  significant  statistics  pertaining  to  these  two 
surveys  were  presented  in  this  chapter. 

In. summary,  it  can  be  inferred  that  the  pavement  condi- 
tion index  or  pavement  condition  rating  provides  an  addi- 
tional information  pertaining  to  the  pavement  structure 
which  the  PCA  roadmeter  cannot  detect.  It  was  shown  that  no 
correlation  existed  between  PCI  and  roughness  measurements 
for  pavement  sections  in  the  Crawf ordsvllle  Highway  Dis- 
trict. On  the  other  hand,  correlations  were  observed  in  the 
Interstate  system  and  regression  models  showing  pavement 
condition  index  as  a  function  of  roughness,  pavement  age, 
and  traffic  were  developed.  These  correlations,  however, 
are  in  part  due  to  the  nature  of  the  rating  procedure  used. 
Furthermore,  both  methods  are  quite  different  in  the  manner 
they  compute  the  overall  rating  for  the  pavement  section  in 
question. 

It  was  not  the  intent  of  this  research  project  to  con- 
duct  an   extensive   evaluation  of  pavements  in-situ,  but  to 
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show  the  importance  of  an  objective  measurement  of  pavement 
surface  condition  as  part  of  the  pavement  management  program 
envisioned  by  the  state. 


The  approach  used  in  this  study  to  combine  pavement 
condition  data,  roughness  data,  traffic,  and  age  of  the 
pavement  into  an  overall  index  to  be  used  in  the  optimiza- 
tion model  is  described  in  the  following  chapter. 
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CHAPTER  5 
DEVELOPMENT  OF  PERFORMANCE  FUNCTION 
AND  ANALYSIS  OF  ROUGHNESS  NUMBER  CHARACTERISTICS 

Introduction 
This  chapter  is  divided  into  two  parts.   The  first  part 

describes  the  methodology  used  in  this  study  for  developing 
a  performance  function  model.  The  second  part  summarizes  the 
different  types  of  analysis  performed  with  roughness  data 
Including  an  analysis  of  roughness  number  stochastic  charac- 
teris  tics . 

Development  of  Performance  Function 

Purpose 

Performance  functions  provide  a  measure  of  the  overall 
improvement  of  a  particular  pavement  section  that  can  be 
achieved  after  the  application  of  a  given  resurfacing  stra- 
tegy. The  overall  improvement  of  a  pavement  section  can  be 
expressed,  for  example,  in  terms  of  total  reduction  in 
roughness.  This  improvement  can  also  be  expressed  in  terms 
of  change  in  pavement  condition  index  or  change  in  pavement 
friction  or  any  other  factor  the  state  highway  department 
decides  to  use  as  a  measure  of  effectiveness  of  resurfacing 
strategies  at  the  network  level. 
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In  order  to  use  the  optimization  program,  it  is  essen- 
tial that  a  quantitative  procedure  is  available  to  assess 
the  level  of  improvement  in  pavement  condition  that  can  be 
expected  from  each  of  the  feasible  resurfacing  strategies. 
In  general,  it  can  be  expected  that  as  the  cost  of  the 
resurfacing  strategy  increases,  the  overall  improvement  of 
the  pavement  section  is  also  expected  to  increase  in  the 
long  run. 

Data  Collection 


The  procedure  used  to  develop  the  performance  function 
is  shown  in  Figure  5.1.  The  data  used  were  essentially  the 
roughness  number  of  the  pavement  section  prior  to  resurfac- 
ing, roughness  number  after  resurfacing,  and  the  type  of 
resurfacing  strategy  performed  on  the  pavement  section  in 
question.  In  order  to  perform  this  task,  the  following 
guidelines  were  followed: 

1.  All  contract  sections  selected  for  this  task  should 
have  roughness  measurements  made  within  6  months  prior 
to  resurfacing  and  no  later  than  6  months  after  it  has 
been  resurfaced.  This  criterion  was  established  since 
our  primary  interest  is  the  immediate  improvement 
accomplished  by  the  resurfacing  strategy  in  question 
and  not  after  the  section  has  been  exposed  to  consider- 
able amount  of  traffic  and  weather. 

2.  All  new  resurfaced  pavement  sections  should  correspond 
to  the  same  fiscal  year  so  that  the  cost  estimates 
associated  with  each  resurfacing  strategy  are  for  the 
same  year.  This  way  the  effect  of  inflation  upon 
resurfacing  costs  can  be  neglected. 
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1981. 1982 


toil 


t 


TOTAL  RESURFACING 
COST  -  PAVEMENTS 


(  START   ) 


ROUGHNESS  INVENTORY 
1981,    1982 


SMOOTHNESS  REPORTS 
1981.    1982 


ROUGHNESS  NUMBER 

PRIOR  TO 

RESURFACING 


T 


ROUGHNESS  NUMBER 
JUST  AFTER 
RESURFACING 


~ 


COMPUTE: 
%  RED  IN  RN 
RED  IN  RN 


-<t) 


t 


GENERATE  PLOTS; 


$/mil«  vs.  %  Rtd  RN 
S/mllt  vt.  A  RN 

FOR  ALL  TYPES  OF 
SURFACES 


TEST  COST  MODEL: 
TPR  ■  a*%RED° 


PRINT  RESULTS 


STOP    ) 


Figure  5. 1 


Flowchart  Describing  Methodology  Used 
in  the  Development  of  the  Performance 
Function  Model. 
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Figure  5.  I 


Flowchart  Describing  Methodology  Used 
in  the  Development  of  the  Performance 
Function  Model  (Continued). 
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3.  The  cost  figures  extracted  from  the  construction  forms 
should  only  be  associated  with  the  cost  of  the  pavement 
structure. 

The  final  construction  records  related  to  the  paving 
resurfacing  contracts  performed  during  fiscal  years  1981  and 
1982  were  used  to  estimate  the  total  resurfacing  costs  asso- 
ciated with  each  of  the  resurfacing  activities  performed 
during  this  period.  The  roughness  number  for  each  contract 
section  prior  to  resurfacing  was  obtained  from  the  roughness 
inventory  published  by  the  Research  and  Training  Center. 
The  roughness  number  just  after  resurfacing  was  extracted 
from  the  smoothness  reports  prepared  by  the  Research  and 
Training  Center  every  year  for  the  smoothness  award.  The 
smoothness  reports  list,  in  ascending  order,  the  roughness 
number  of  all  resurfacing  contracts  performed  during  fiscal 
year  in  question.  The  resurfacing  contracts  considered  were 
performed  on  Interstate  as  well  as  on  Federal-aid  primary 
and  secondary  roads.  A  total  of  56  resurfacing  contracts 
were  undertaken  during  1981  and  62  contracts  during  1982. 
The  corresponding  miles  were  40  2  and  538,  respectively. 

Data  Analysis 


The  percent  reduction  in  roughness  was  calculated  for 
each  pavement  contract  section  resurfaced  during  fiscal  year 
1982  that  met  the  guidelines  previously  discussed. 
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The  equation  used  to  calculate  percent  reduction   in   rough- 
ness is  as  follows: 


(RN   -  RN 

RN   -  ^-rr ^  *  100 

r        RN^ 


(5.1) 


where : 


RN 


RN, 


RN   - 


percent  reduction  in  roughness  number  after 
contract  section  has  been  resurfaced; 
roughness  number  prior  to  resurfacing; 
roughness  number  after  resurfacing. 


The  percent  reduction  in  roughness  number  and  the 
change  in  roughness  number  were  then  plotted  against  the 
cost  per  mile  associated  with  each  pavement  section  in  order 
to  check  whether  or  not  there  was  any  significant  trend.  It 
is  important  to  note  that  these  plots  were  generated  using 
all  contract  sections  irrespective  of  the  type  of  surface 
(i.e.  Hot  Asphaltic  Emulsion  (HAE),  Hot  Asphalt  Concrete 
(HAC),  Modified  HAC,  and  so  on).  The  results  of  these  plots 
are  shown  In  Figures  5.2  and  5.3. 
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Figure  5.2  Relationship  Between  Pavement  Resurfacing  Cost  and 

Percent  Reduction  in  Roughness  for  Pavement  Sections 
Resurfaced  During  1982. 
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Based  on  these  plots  the  following  observations  can  be  made: 

1.  Although  there  was  no  significant  statistical  relation- 
ship, an  overall  increasing  trend  in  pavement  resurfac- 
ing cost  could  be  noted  with  increasing  percent  reduc- 
tion in  roughness  (see  Figure  5.2). 

2,  No  significant  statistical  relationship  could  be 
observed  between  pavement  resurfacing  cost  and  change 
in  roughness  number  for  pavement  sections  resurfaced  in 
1982  (see  Figure  5.3). 


At  this  stage  it  was  decided  to  generate  individual 
plots  for  each  type  of  surface  to  check  whether  a  stronger 
relationship  could  be  established.  Plots  were  generated  for 
only  those  types  of  surface  for  which  at  least  four  observa- 
tions were  available.  These  are: 

1.  Hot  Asphalt  Emulsion  Type  II 

2.  Hot  Asphalt  Emulsion  Type  III 

3.  Hot  Asphalt  Emulsion  Type  IV 

4.  Hot  Asphaltic  Concrete  Type  A 

These  plots  are  shown  in  Figures  5.4  through  5.11.   The 

primary  observations  from  these  plots  are  summarized  below: 

1.  In  general,  all  four  types  of  surfaces  showed  an 
increasing  trend  between  percent  reduction  in  roughness 
number  and  pavement  resurfacing  cost  (Figures  5.4 
through  5.7). 
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Figure  5.4  Relationship  Between  Pavement  Resurfacing  Cost  and 
Percent  Reduction  in  Roughness  for  Pavements 
Resurfaced  with  HAE  Type  II  During  1982. 
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2.  Hot  Asphalt  Emulsion  Type  IV  was  the  only  type  of  sur- 
face which  showed  a  slight,  but  definite  relationship 
between  pavement  resurfacing  cost  and  change  in  rough- 
ness number  (see  Figure  5.10). 

In  order  to   check   how   strong   was   the   relationship 

between   percent   reduction  in  roughness  number  and  cost  per 

mile,  the  following  model  was  tested: 


TPR  -  a  *  (%  Red) 
where : 


(5.2) 


TPR  =  total  pavement  resurfacing  cost,  $/mile; 
%  Red  »  reduction  in  roughness  number 
computed  using  equation  5.1; 
a,b  =•  regression  coefficients. 


The  regression  and  correlation  coefficients  obtained 
from  this  analysis  are  also  shown  on  the  figures.  Although 
the  correlation  coefficients  obtained  from  this  analysis 
were  quite  low,  an  overall  relationship  can  be  noted  in  the 
graphs.  Data  from  additional  resurfaced  sections  would  be 
necessary  to  further  confirm  the  statistical  significance  of 
the  relationship. 

In  order  to  develop  a  performance  function  for  this 
study,  the  contract  sections  were  further  grouped  according 
to  the  seven  resurfacing  activities  conducted  in  Indiana 
during   1982.    The   grouping  was  done  primarily  to  minimize 
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the  variance  among  similar  homogeneous  resurfaced  sections. 
The  mean  percent  reduction  in  roughness  number  for  each 
resurfacing  group  was  plotted  against  the  corresponding 
overlay  thickness  and  a  curve  of  the  order  shown  in  Equation 
5.2  (see  Figure  5.12)  was  fitted.  The  final  performance 
function  model  is  shown  below: 


%  Red 


61.35  *  T 


0.26 


(5.3) 


0.83 


where  : 
%  Red 

T 


Reduction  in  Roughness  Number 
computed  using  Equation  5.1; 
Overlay  Thickness,  inches. 


It  should  be  noted  that  the  model  presented  in  Equation 
5.3  is  applicable  only  within  the  range  of  thickness  shown 
in  Figure  5.12.  Any  attempt  to  apply  the  model  above  or 
below  this  range  might  give  unrealistic  results.  For  exam- 
ple, if  the  model  is  applied  to  a  pavement  section  which 
has  been  resurfaced  with  an  equivalent  thickness  of  5 
inches,  the  percent  reduction  in  roughness  number  using  the 
model  would  be  93.22  percent  and  for  6  inches  it  would  go  as 
high  as  97.75  percent.  These  percent  reduction  values  might 
be  unrealistic  in  many  cases.  Even  the  newly  resurfaced 
pavements  have  a  certain  level  of  roughness,  somewhere 
between  300  and  550  counts  per  mile. 
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Effect  of  Resurfacing  on  Roughness  Number 

Figures  5.13  and  5.14  show  the  distribution  of  rough- 
ness number  for  pavement  sections  resurfaced  during  1981  and 
1982,  respectively.  From  these  figures  it  can  be  noticed 
that  roughness  number  values  after  resurfacing  follow  a 
multi-modal  distribution.  In  1982,  for  example,  the  first 
part  of  the  distribution  starts  at  100  -counts  per  mile  and 
goes  to  approximately  800.  The  second  part  of  the  distribu- 
tion starts  at  about  800  and  goes  to  1800  counts  per  mile. 
The  reason  behind  this  form  of  distributions  is  that  the 
roughness  number  after  resurfacing  is  dependent  on  the 
roughness  prior  to  resurfacing  as  well  as  on  the  resurfacing 
strategy  adopted.  For  example,  if  a  pavement  section  has  a 
very  high  roughness  number,  say  4500,  and  after  being  resur- 
faced the  roughness  is  reduced  about  77  percent,  the  new 
roughness  number  will  probably  still  be  over  1000  counts  per 
mile. 

Effect  of  Surface  Type  on  Roughness  Number 


An  attempt  was  also  made  to  see  whether  or  not  the  type 
of  surface  course  has  an  effect  on  the  roughness  readings 
recorded  by  the  PCA  Roadmeter.  Figure  5.15  shows  the  aver- 
age roughness  number  distribution  for  the  different  types  of 
surfaces  used  by  the  IDOH  during  1982.   It  is  interesting  to 
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note  that  the  mean  roughness  number  just  after  resurfacing 
with  a  hot  asphaltic  emulsion  (HAE)  type  III  or  IV  is  much 
lower  than  that  resulting  from  resurfacing  with  a  hot 
asphaltic  emulsion  type  II.  In  addition,  the  mean  roughness 
number  of  hot  asphaltic  concrete  (HAC)  type  B  and  modified 
HAC-B  are  also  much  lower  than  that  of  HAC-A.  The  reasoning 
behind  this  difference  in  roughness  number  is  as  follows: 
First,  HAE  type  IV  is  primarily  used  on  high  volume  roads 
(i.e.  interstates  and  U.S.  routes).  It  is  essentially  a 
sand  mix  with  anti-skid  properties,  with  a  very  low  stabil- 
ity and  it  develop  ruts  relatively  easily.  This  surface  is 
in  fact  smoother  as  compared  to  any  other  surface.  In  addi- 
tion, since  interstate  roads  are  generally  level  with  gentle 
grades  as  compared  to  many  secondary  roads,  the  surface 
tends  to  show  low  roughness  readings.  However,  if  the  same 
mix  (i.e.  HAE  IV)  is  used  on  pavements  with  steep  grades, 
the  roughness  readings  may  be  higher  as  compared  to  inter- 
states. The  same  reasoning  is  applicable  to  HAC-B  which  is 
also  used  primarily  on  interstates  and  high  volume  roads. 
Again,  HAC-B  is,  in  fact,  a  smoother  surface  as  compared  to 
HAC-A.  Therefore,  it  is  important  to  keep  in  mind  that  the 
roughness  number  is  affected  by  geometries  of  the  highway 
and  caution  should  be  exercised  when  using  this  parameter  in 
the  development  and  application  of  the  optimization  model. 
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Roughness  Number  Stochastic  Characteristics 

The  roughness  number  Information  used  In  this  study  are 
measured  on  the  basis  of  only  one  pass  of  the  PCA  roadmeter 
through  each  pavement  section.  Therefore,  the  measurement 
does  not  take  Into  account  the  variations  in  the  readings  of 
the  roadmeter  device.  Previous  studies  conducted  at  Purdue 
have  shown  that  the  roughness  number  obtained  using  the 
roadmeter  depends  upon  the  following  factors  [76]: 

1  .  Tes  t  Speed 

2.  State  of  Suspension  System 

3.  Tire  Type  and  Size 

4 .  Tire  Pressure 

5.  Air  Temperature 

6.  Gas  Tank  Level 

7.  Crew  Size 

8.  Wind  Velocity 

9.  Driver  Type 

10.   Highway  Geometries 

The  stochastic  characteristics  of  the  roadmeter  can  be 
Incorporated  into  the  optimization  routine  If  they  are 
available  for  each  pavement  section  entered  to  the  problem. 

The  purpose  of  this  section  is  two  fold: 


1.  To  check  whether  the  variability  of  the  roughness 
number  measurements  was  more  critical  for  sections  that 
had  high  roughness  numbers  as  compared  to  smooth  pave- 
ment sect  ions  . 
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2.  To  check  whether  the  variability  of  the  roughness 
number  is  more  critical  on  asphalt  pavements  as  com- 
pared to  Jointed  reinforced  or  continuously  reinforced 
concrete  pavements.  If  the  observed  variability  in 
roughness  number  is  not  significant,  then  the  stochas- 
tic characteristics  need  not  to  be  considered  in  the 
optimization  model. 

Selection  of  Pavement  Sections 

Twelve  one-mile  equivalent  pavement  sections  were 
selected  for  the  analysis.  These  pavement  sections 
were  representative  of  the  entire  roughness  number 
spectrum  expected  in  the  network  covering  low  and  high 
roughness  numbers  for  both  concrete  and  flexible 
pavements  including  overlayed  pavements.  In  each 
pavement  section  the  driver  drove  a  minimum  of  five 
times  and  recorded  roughness  measurements .  The  mean 
and  standard  deviation  were  then  computed  for  the 
twelve  sections  and  the  confidence  interval  associated 
with  them  was  determined  using  a  95  percent  confidence 
band.  The  results  of  this  analysis  are  tabulated  in 
Tables  5.1  and  5.2  and  are  also  plotted  in  Figures  5.16 
through  5.18. 
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Discussion  of  Results 

In  order  to  check  whether  the  variation  in  roadme- 
ter  reading  is  dependent  upon  how  rough  is  the  pavement 
at  the  time  of  the  test,  the  percent  error  of  each 
pavement  section  was  computed  using  the  following  equa- 
tion: 


8(x)^    t(l  -  a  /2,n-l) 


%  E. 


\|n 


MRN, 


(5.4) 


where : 


E   -  percent  standard  error  of  mean 

associated  with  pavement  section  1; 
n  >  number  of  times  roughness  number 

was  measured  on  pavement  section  1; 
a  -  significant  level  taken  as  0.05; 
MRN  -  mean  roughness  number  for  pavement 

Z    RN 


sec 


tion  1,  -J— = ; 


t(l- 


RN  "  roughness  numbers  measured  on  each 
pavement  section; 
a  /2,n-l).-  t  distribution  percentiles  associated 
with  pavement  section  1; 


s(x).  »  standard  deviation  of  pavement  section  1 
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Based  on  Figure  5.16  It  can  be  noted  that  the  per- 
cent error  of  the  mean  roughness  number  for  concrete 
pavements  Is  almost  uniform  Irrespective  of  the  magni- 
tude of  the  roughness  number.  In  most  cases  the  percent 
error  was  between  2  and  4  percent.  This  fact  is  very 
important  since  .it  indicates  that  the  variability  of 
the  roadmeter  is  almost  constant  irrespective  of  the 
roughness  magnitude,  low  or  high. 

For  overlayed  pavements  the  same  observation  can 
be  made  since  the  percent  error  was  always  between  1.5 
and  4.0  percent  for  the  entire  roughness  number  spec- 
trum (see  Figure  5.17). 

On  the  other  hand,  for  asphalt  pavements  the  above 
statement  is  not  entirely  appropriate  since,  based  on 
the  test  sections  evaluated,  it  appears  that  high 
roughness  numbers  might  have  a  larger  variance  associ- 
ated with  them  (see  Figure  5.18). 


Further  research  is  necessary  in  this  area  to  ensure 
that  roughness  variability  is  not  significant. 
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CHAPTER  6 

DEVELOPMENT  AND  FORMULATION  OF  OPTIMIZATION  MODELS 

Introduction 

This  chapter  demonstrates  how  the  Integer  programming 
technique  was  used  in  this  study  to  formulate  the  two  optim- 
ization models  developed  as  a  part  of  this  study.  The 
parameters  used  as  input  to  the  optimization  models  are 
briefly  discussed.  A  description  of  the  Branch  and  Bound 
technique  which  was  finally  adopted  for  solving  the  integer 
programming  formulations  is  explained  including  a  simplified 
example.  A  discussion  of  the  computer  codes  available  at 
Purdue  University  to  solve  integer  programming  problems  is 
also  included  along  with  their  capabilities  and  limitations. 

It  should  be  noted  that  the  initial  conceptual  frame- 
work of  the  optimization  model  developed  in  this  study  was 
influenced  by  the  approach  proposed  by  Sinha,  Kaji,  and  Liu 
[84],  and  Muthusubramanyan ,  Sinha  and  Ravindran  [62,63,64]. 
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Model  Parameters 

Decision  Variable 

The  Indiana  Department  of  Highways  ( IDOH)  Is  primarily 
Interested  to  determine  the  number  of  miles  that  can  be 
rehabilitated  with  the  limited  resources  available,  such  as 
budget,  materials,  equipment,  and  so  on,  in  any  given  year. 
In  particular,  it  is  necessary  to  identify  the  exact  loca- 
tion and  length  of  those  pavement  sections  which  are  in 
immediate  need  of  a  major  rehabilitation  Including  the  type 
of  most  cost-effective  rehabilitation  during  a  given  period 
of  time.  Paving  contract  section  appears  to  be  the  ideal 
unit  to  represent  the  decision  variables  in  this  study  since 
pavement  characteristics  such  as  pavement  thickness,  width, 
age,  drainage,  materials,  construction  method,  and  so  on 
are,  in  most  cases,  homogeneous  throughout  the  entire  sec- 
tion. 


The  actual  number  of  decision  variables  associated  with 
the  optimization  model  is  dependent  upon  the  following  fac- 
tors: 

1.  Number  of  contract  sections 

2.  Number  of  maintenance  activities 

3.  Number  of  years  in  the  analysis  period 
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The  mathematical  notation  used  to  represent   the   deci- 
sion  variable   Is   x.  .,  .  The  subscript  1  Indicates  contract 

1  Jk 

section.  The  subscript  J  Is  used  to  represent  feasible  reha- 
bilitation activities  applicable  to  contract  section  1.  The 
subscript  k  represents  the  year  In  which  the  contract  sec- 
tion 1  Is  chosen  for  implementation  of  resurfacing  activity 
j.  For  example,  x,,,  represents  contract  section  '6', 
maintenance  activity  'd'  and  first  year  of  the  analysis 
period. 


The  decision  variables  used  in  this  model  can  only  take 
the  value  of  0  or  1 .  For  example,  if  x,,.  takes  the  value 
of  1,  it  means  that  contract  section  6  has  been  chosen  for 
rehabilitation  with  resurfacing  activity  'd'  in  the  first 
year  of  the  analysis  period.  If  x,  takes  a  value  of  0, 
then  this  particular  pavement  section  will  not  be  rehabili- 
tated with  resurfacing  activity  'd'  in  the  first  year.  How- 
ever, it  can  be  rehabilitated  with  another  resurfacing 
activity  during  the  first  year  or  can  be  chosen  for  rehabil- 
itation during  any  of  the  subsequent  four  years.  For  exam- 
ple. It  can  be  chosen  for  rehabilitation  in  year  3  with  the 
same  rehabilitation  activity  that  was  previously  rejected  in 

year  1  (x,,.).   If  the  contract  section  is  not  selected   for 
6d  3 

rehabilitation  during  any  of  the  five  years  of  the  analysis 
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period,  then  all  the  decision  variables   starting   with   the 
subscript  6  will  take  the  value  of  0. 

In  order  to  compute  the  total  number  of  decision  vari- 
ables to  be  included  in  the  optimization  model,  the  follow- 
ing equation  is  used: 

nyear 
NVAR  =  NREHAB    E    CS   *  (nyear+1-i)  (6.1) 

1-1 

whe  re  : 

NVAR  ■  total  number  of  variables; 

NREHAB  -  number  of  feasible  rehabilitation  activities; 

CS   ■  number  of  deficient  contract  sections 
at  the  beginning  of  year  1; 

nyear  "  number  of  years  in  the  analysis  period. 

Pavement  Resurfacing  Activities  Considered 

The  pavement  resurfacing  activities  considered  in  this 
study  were  selected  after  inspecting  the  final  construction 
records  of  the  Indiana  Department  of  Highways  for  fiscal 
years  1980,  1981,  and  1982.  A  total  of  seven  resurfacing 
activities  were  finally  selected.  The  average  costs  per 
center-line  mile  associated  with  each  resurfacing  activity, 
in  terms  of  1982-1983  dollars,  are  shown  in  Table  6.1. 

A  total  of  three  resurfacing  activities  were  finally 
assigned   to   each  pavement  section  Input  to  the  model.   The 
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criterion  used  to  assign  the  resurfacing  strategy  to  a  par- 
ticular pavement  section  was  a  function  of  the  current 
traffic  of  the  facility.  The  details  pertaining  to  the 
assignment  of  resurfacing  strategies  to  pavement  sections  in 
the  model  are  explained  in  Chapter  7. 

It  should  be  mentioned  that  most  of  the  rehabilitation 
projects  conducted  on  distressed  pavements  in  Indiana  are 
primarily  resurfacing  with  either  a  hot  asphaltic  emulsion 
or  a  hot  asphaltic  cement  with  different  grades.  The  type 
of  asphaltic  material  used  for  the  surface  course  is  depen- 
dent, in  most  cases,  upon  the  highway  district  in  which  the 
pavement  section  is  l.ocated  and  also  upon  whether  the  pave- 
ment section  is  classified  as  an  interstate  or  as  a 
Federal-aid  primary  or  secondary  system. 


It  is  also  Important  to  point  out  that  the  pavement 
resurfacing  cost  for  a  particular  section  can  also  vary  with 
the  number  of  lifts  involved  in  placing  the  surface  course. 
For  example,  the  resurfacing  cost  associated  with  a  surface 
course  constructed  with  two  passes  of  175  lbs.  per  square 
yard  is  more  expensive  than  a  surface  course  with  only  one 
pass  of  350  lbs.  per  square  yard.  Both  surface  courses,  how- 
ever, are  equivalent  to  approximately  3  inches  of  overlay. 
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It  should  be  mentioned  that  the  cost  figures   used    in 

this  study  are  based  on  total  project  costs  and  not  only  on 
pavement  cost.  Therefore,  there  may  be  two  pavement  sec- 
tions with  the  same  pavement  thickness  and  the  same  length, 
but  the  difference  in  project  costs  may  be  as  high  as 
$40,000  to  $60,000,  depending  upon  the  extent  of  non- 
pavement  work  performed  under  the  same  RS-contract  funds. 
Furthermore,  it  should  be  kept  in  mind  that  the  cost  figures 
used  in  this  study  are  average  figures  of  the  entire  inter- 
state highway  network  and,  therefore,  should  be  treated  as 
such. 

Pavement  Routine  Maintenance  Costs  Considered 


Pavement  routine  maintenance  costs  are  also  included 
into  the  optimization  model.  Every  pavement  section  that  is 
selected  by  the  optimization  model  for  resurfacing  during 
the  analysis  period  is  assumed  to  have  some  routine  mainte- 
nance every  subsequent  year  after  being  resurfaced.  The 
pavement  routine  maintenance  costs  used  were  obtained  from 
findings  of  another  research  study  being  conducted  at  Purdue 
University  [94].  In  that  study  it  was  estimated  that  the 
range  in  pavement  routine  maintenance  costs  for  interstate 
reinforced  concrete  pavements  ranged  between  50  and  500  dol- 
lars per  lane-mile  per  year  based  on  1982-1983  dollars. 
Pavement  age  and  accumulated  18  kip  axle  loads  were  found  to 
be  the  most  significant   variables   in   predicting   pavement 
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routine  maintenance.  For  the  purpose  of  the  present  study, 
future  pavement  routine  maintenance  costs  were  estimated 
based  on  the  above  range  for  the  seven  resurfacing  stra- 
tegies considered  in  the  optimization  model. 

Budget  Information 


Accurate  information  pertaining  to  the  annual  budget 
assigned  to  pavement  resurfacing  activities  in  Indiana  was 
difficult  to.  obtain.  This  was  because  there  are  many  dif- 
ferent sources  of  money  for  pavement  resurfacing  projects. 
Some  of  these  are: 

1.  Roads  (R)  and  Resurfacing  ( RS )  contracts 

2.  Rehabilitation,  Restoration,   Resurfacing,   Reconstruc- 
tion Funds  (4-R  funds) 

3.  Major  Capital  Improvement  Funds 

However,  there  are  different  sources  from  which  budget 
estimates  can  be  made.  The  sources  used  for  this  study  are 
listed  be  low : 

1.  IDOH  Biennial  Report,  FY  1984-85  [95] 

2.  IDOH  Planning  Division 
3  .   Other  Sources  [ 15 ]  . 

The  data  from  various  sources  were  extrapolated  to 
predict  future  budget  for  the  analysis  period  being  con- 
sidered . 
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Analysis  Period 

The  analysis  period  Is  the  time  frame  in  which  the  pro- 
posed model  is  to  be  applied.  In  this  study,  a  time  frame  of 
5  years  was  used  since  most  states  are  required  to  prepare 
their  highway  improvement  plan  for  a  5  year  period.  The  out- 
put of  the  proposed  formulation  should  be  useful  in  assist- 
ing those  in  charge  of  preparing  a  multi-year  program  to 
better  estimate  the  amount  of  miles  that  can  be  rehabili- 
tated with  the  given  program  budget.  The  effect  of  increas- 
ing the  funding  level  upon  the  additional  number  of  miles  of 
rehabilitation  is  also  an  important  information  for  program- 
ming. The  proposed  modelling  approach  can  also  be  used  to 
estimate  the  optimal  level  of  budget  required  to  bring  the 
pavement  network,  to  a  certain  condition  level  at  the  end  of 
the  analysis  period. 

Cons  t raint  s 


Constraints  are  restrictions  which  are  input  to  the 
model  in  order  to  consider  the  operational  limitations.  For 
example,  one  cannot  assign  two  rehabilitation  activities  on 
a  particular  contract  section  in  the  same  year.  Another 
constraint  can  be  that  the  total  cost  associated  with  the 
entire  resurfacing  program  during  a  particular  year  cannot 
exceed  the  total  available  budget  for   that   year.    The 
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details  pertaining  to  the  constraints  Included  In   the   pro- 
posed formulation  are  described  later  in  this  chapter. 

Decision  to  Use  the  Integer  Programming  Technique 


The  primary  reason  for  using  the  zero-one  integer  pro- 
gramming technique  in  this  research  project  is  threefold. 
First,  this  optimization  technique  is  very  useful  and  prac- 
tical in  those  cases  where  the  decision  makers  are 
interested  in  knowing  whether  or  not  a  particular  pavement 
section  should  be  chosen  for  major  rehabilitation  in  a  given 
year  and,  if  so,  what  resurfacing  activity  should  be  applied 
In  order  that  the  distribution  of  available  funds  within 
that  year  are  allocated  in  a  cost-effective  manner.  Second, 
this  technique  is  easily  understood.  Third,  the  availabil- 
ity of  computer  codes  for  solving  integer  programming  formu- 
lations makes  this  technique  even  more  attractive  for  this 
task.  In  essence,  the  main  advantage  of  using  the  integer 
programming  technique  is  that  it  closely  replicates  the  real 
world  decision  process. 
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Description  of  the  Branch  and  Bound  Method 

The  zero-one  Integer  programming  technique  uses  an 
efficient  enumeration  procedure,  known  as  the  Branch  and 
Bound  algorithm,  to  arrive  at  the  optimal  Integer  (zero-one) 
solution  [96].  In  order  to  better  understand  the  procedure 
used  by  the  branch  and  bound  technique,  the  following  exam- 
ple is  presented.  Let  us  assume  that  the  optimization  model 
consists  of  the  objective  function  '  Z'  and  constraints,  as 
shown  below  [90] : 


Maximize  Z 


75x   +   6X2  +    3x^  +  33x^ 


(6.2) 


subject  to:  774x   +  76X2  +   22x2  +  42x^  _<  875    (6.3) 
67x^  +  27X2  "^  794x3  +  53x^  <  875    (6.4) 

The  initial  step  of  the  branch  and  bound  method  is  to 
solve  the  current  formulation  as  a  continuous  linear  pro- 
gramming model  but  with  the  addition  of  constraints  in  the 
form  X.  £  1  to  take  into  account  that  the  integer  variable 
in  question  cannot  be  greater  than  one.  The  next  step  is  to 
check  whether  the  continuous  LP  solution  at  this  stage  is 
completely  integer  (i.e.  zero-one  value).  If  this  is  the 
case,  no  further  analysis  is  necessary  and  this  becomes  the 
optimal  integer  solution.  On  the  other  hand,  if  any  of  the 
the  expected  integer  variables  is  assigned  a  fractional 
value,  the  algorithm  arbitrarily  selects  one  of  them  as   the 
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branch  variable.  For  the  above  example,  after  the  LP  solu- 
tion was  calculated,  it  was  found  that  variables  x,   and   x, 

1  4 

were  assigned  a  value  of  one,  and  x  and  x,  were  assigned  a 
fractional  value.  At  this  stage  the  original  linear  program- 
ming (LP)  formulation  is  replaced  by  two  new  formulations, 
one  formulation  will  have  the  constraint  x.  =  0  added  to 
the  constraints  of  the  original  formulation,  while  the  other 
formulation  will  be  appended  with  the  constraint  x  =  1. 
The  algorithm  then  solves  these  two  new  formulations  as  LP. 
If  it  is  a  maximization  problem,  the  formulation  which  gives 
the  highest  value  of  the  objective  function  is  the  best 
solution  for  the  original  formulation. 


The  use  of  the  term  "branch"  is  simply  because  each  new 
formulation  which  is  created  corresponds  to  a  branch  in  an 
enumeration  tree  (Refer  to  Figure  6.1).  If  fractional  vari- 
ables are  encountered  in  the  two  new  formulations,  further 
branching  (partitioning)  is  performed  until  the  value  of  the 
objective  function  is  less  than  the  value  of  another  integer 
(zero-one)  solution  previously  encountered  in  another 
branch.  At  this  stage  the  optimal  integer  solution  is 
achieved  and  this  solution  represents  the  "bound"  for  all 
feasible  integer  solutions.  The  value  of  the  objective 
function  of  the  integer  solution  previously  computed  in 
another  branch  becomes  a  lower  bound  on  the  maximum  value  of 
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LP  Optimum 


Z 
XI 
X2 
X3 
X4 


113  840 
1  0 
506 

1  0 


a 

X2  =  0 

Z   ---    110  85 
XI    =         10 
X3   =             95 
X4   =         10 

\           ■ 

9 

X2    -        0 
X3    -        0 

Z  =    108 
XI    -         1 
X4    -         1 

7 

X2    =      10 
XI    -      0 

Z   =  42   0 
X3   =      10 
X4   =      10 

6 

X2    =         10 
XI    =         10 
X4   =         10 

Infeasible 

2 

X2  =   1.0 

Z   =    113    15 
XI    =            95 
X3   =            92 
X4   =        10 

3 

X2    =        10 
XI    =        10 

Z  =    100   64 
X3   =        0 
X4   =            595 

" 

4 

X2   =        10 
XI    =        10 
X4    =        0 

Z   =     83   95 
X3   =            984 

\ 

' 

5 

X2   =        1.0 
XI    =        1.0 
X4   =        0 
X3   =        0 

2  =     81   0 

Figure  6.1  Illustrative  Example  of  the  Branch  and  Bound  Technique. 
[90] 
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the  objective  function.  In  other  words,  the  optimal  Integer 
value  of  the  objective  function  cannot  be  less  than  this 
value.  It  is  important  to  mention  that  each  time  a  new  con- 
straint is  added  at  a  particular  branch,  the  value  of  the 
objective  function  will  be  decreased  in  the  subsequent 
branching.  In  other  words,  the  objective  function  cannot 
be  improved  as  one  moves  within  its  branch. 

Model  Formulations  Considered 

Two  model  formulations  were  considered  in  this  study. 
The  first  formulation,  referred  in  this  study  as  the  con- 
tract section  worth  model,  uses  the  weighed  reduction  in 
pavement  distress  over  a  five  year  period  as  the  measure  of 
ef  f ect  i veness . 

The  second  model  formulation,  referred  in  this  study  as 
the  roughness  reduction  model,  uses  the  total  reduction  in 
roughness  number  for  each  pavement  section  as  the  new  meas- 
ure of  effectiveness. 


Trigger  values  associated  with  asphalt  and  concrete 
pavements  were  used  to  identify  sections  with  high  roughness 
number,  and  only  those  sections  were  included  in  the  optimi- 
zation mo  del. 
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Contract  Section  Worth  Model 

The  objective  function  coefficients  for  the  contract 
section  worth  model  were  constructed  by  multiplying  the  fol- 
lowing three  factors: 

1.  Contract  Section  Worth  (CSW) 

2.  Percent  reduction  in  pavement   roughness   caused   by   a 
particular  resurfacing  type.  -a 


3.   Traffic  growth  rate  and  rate  of  increase   in   roughness 
for  each  contract  section. 


act 


The  worth  of  each  contract  section  CSW   was   calculated 


as  f  o  Hows  : 


CSW    -TADT     [(  1-RNEPI     )(  WRN)  +  ( 1- ARNEP I ^ ) ( W ARN )  + 
( 1-AGEEPI^ )(WAGE)+( 1-PCI^)(WPCI)] 


(6.5) 


where : 
CSW 


1 
TADT 


=  worth  of  contract  section  1; 

»  accumulated  average  dally  traffic  in  one 

J. 

direction  for  contract  section  1  in  veh/day; 
RNEPI   -  roughness  number  equivalent  performance  index 

for  contract  section  1  (0  <  RNEPI  <  100); 
WRN     »  roughness  number's  relative  weight  (0  <  WRN  <  1); 
ARNEPI  =  the  equivalent  performance  index  for  change 

in  roughness  for  contract  section  1, 
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(0  <  ARNEPI  <  100); 
WARN    =  relative  weight  of  change  In  roughness  number, 

(0  <  WARN  <  1); 
AGEEPI  "■  pavement  age  equivalent  performance  Index  for 

contract  section  1; 
WAGE    »  relative  weight  assigned  to  pavement  age, 

(0  <  WAGE  <  1); 
PCI     »  pavement  condition  index  for  contract  section  1, 

(0  <  WPCI  <  100); 
WPCI    -  relative  weight  assigned  to  pavement  condition 

index,  (0  <  WPCI  <  1). 

The  average  daily  traffic  of  each  contract  section  was 
obtained  from  the  latest  traffic  flow  maps  published  by  the 
Planning  Division  of  Indiana  Department  of  Highways  [67]. 
The  total  accumulated  ADT  of  each  contract  section  was  com- 
puted using  the  directional  ADT  and  Equation  3.1  shown  in 
Chapter  3. 


The  equivalent  performance  indices  for  roughness, 
change  in  roughness,  and  pavement  age  for  each  contract  sec- 
tion were  estimated  after  Interpolating  the  appropriate  per- 
formance curves.  The  development  of  these  curves  has  been 
discussed  in  Chapter  3. 
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Performance  curves  were  developed  for  conventional 
asphalt  pavements,  jointed  reinforced  and  continuously  rein- 
forced pavements.  Two  sets  of  curves  were  developed,  one 
for  interstate  system  and  the  other  for  Federal-aid  primary 
and  Federal-aid  secondary  system.  The  relative  weights  for 
roughness,  change  in  roughness  number,  pavement  age,  and 
pavement  condition  index  were  estimated  in  consultation  with 
members  of  IDOH  Pavement  Management  Task  Force  Committee. 
These  weights  reflect  the  relative  importance  of  each  of  the 
performance  factors  considered  in  the  formulation. 

It  would  have  been  more  desirable  to  use  the  total  18 
kip  Equivalent  Axle  Loads  as  the  traffic  parameter  rather 
than  just  total  ADT.  However,  this  information  is  not 
currently  available  for  all  the  contract  sections  in  the 
state. 

Since  traffic  is  an  important  factor  in  the  selection 
of  a  highway  section  for  major  rehabilitation,  it  was 
decided  to  give  this  factor  the  same  weight  as  the  combina- 
tion of  other  parameters.  This  was  done  by  multiplying  the 
accumulated  ADT  by  the  summation  of  the  individual  effects 
attributed  to  the  other  parameters. 


The  contract  section  worth  model  Is  shown  below: 


Max  Z 


n        nyear 

Z  I  EG..   CSW.  RED.  x 


1-1  jeA^   k-I 


ik 


J   ijk 


subject  to 
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(6.6) 


1-1  jeA. 


'\     f^l  ^^S  f^ik-^ 


j  '    ijk   ljk-1 


+  L^  RMCj  x^jj  <  Bj^ 


^    '^ijk   <  ' 


for  all  1  and  k 


jeA 


1 
I         x 


JEA, 


ijk  >  ^jk-1    '°'    '''    ''    '^  ""'  ^^^i 


(6.7) 
(6.8) 

(6.9) 


whe  re ; 
RED 

'^Ijk 


TRC 


RMC 


J^A, 


percent  reduction  in  pavement  roughness  if 

resurfacing  activity  j  is  selected; 

1  if  contract  section  i  receives  resurfacing 

activity  j  in  year  k 
0  o the  rwise ; 

length  of  contract  section  i  (miles); 
total  resurfacing  cost  associated  with  activity  j 
in  1982-83  dollars  per  center-line  mile; 
annual  routine  maintenance  cost  associated 
with  resurfacing  activity  j  in  dollars  per 
center-line  mile; 
resurfacing  activity  j  which  is  one  of  the  set 
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of  three  feasible  alternatives  for  pavement 


contract  section  i,  A  ; 


th 


ik 


IF. 


nyear 


available  budget  for  the  k    year; 

growth  deterioration  factor  for  contract  section  1 

in  the  k^^  year,  RN(k )/ RN (k- 1)  ; 

k. 
Inflation  factor,  (i+i)  ; 

interest  rate  used,  6  percent; 

total  number  of •  def i cient  pavement  contract 

sect  ions  ; 

number  of  years  in  analysis  period. 


Equation  6.6  states  that  the  product  of  the  contract 
section  worth  (as  defined  in  Equation  6.5)  and  percent 
reduction  in  pavement  roughness  should  be  maximized.  An 
additional  parameter,  G  ,  is  Included  as  part  of  the  objec- 
tive function  coefficient  to  take  into  account  the  annual 
deterioration  rate  associated  with  each  contract  section. 
This  factor  was  computed  as  the  ratio  of  the  present  rough- 
ness number  and  the  roughness  number  of  the  previous  year. 
If  the  growth  factor  computed  with  the  above  equation  was 
found  to  be  less  than  a  unity  for  any  particular  pavement 
section,  the  factor  was  then  reset  to  one.  The  primary  rea- 
son for  setting  a  lower  bound  on  this  factor  is  because  each 
pavement  section  entered  Into  the  model  was  assumed  to  be  a 
truly  defective  section;  therefore,   this   section   can   be 
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expected  to  continue  to  deteriorate  as  it   passes   from   one 
year  to  another. 

Equation  6.7  represents  the  constraint  that  the  total 
cost  of  all  rehabilitation  projects  to  be  Implemented  must 
not  exceed  the  available  resurfacing  program  budget  for  each 
of  the  fiscal  years  in  the  analysis  period. 

Equation  6.8  indicates  that  no  more  than  one  rehabili- 
tation project  can  be  selected  among  alternative  project 
types  for  a  contract  section  in  a  given  year. 

Equation  6.9  assures  that  if  a  rehabilitation  project 
has  already  been  implemented  in  a  previous  year,  only  the 
routine  maintenance  task  of  that  particular  resurfacing 
activity  will  be  performed  in  the  current  year.  For  exam- 
ple, if  a  4"  overlay  has  been  applied  to  contract  section 
RS-8001  during  1983,  only  routine  maintenance  will  be  per- 
formed on  this  section  in  1984  and  rest  of  the  analysis 
period.  However,  it  is  important  to  note  that  the  routine 
maintenance  cost  associated  with  a  4"  overlay  is  not  neces- 
sarily the  same  as  with  a  3"  or  a  2"  overlay.  This  is  the 
main  reason  for  introducing  this  constraint  into  the  model. 

In  addition.  Equations  6.8  and  6.9  imply  that,  at  most, 
only  one  rehabilitation  project  is  selected  for  each  con- 
tract section  during  the  analysis  period. 
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The  parameters  used  In  the  computation  of  the  objective 
function  coefficients  play  a  very  Important  role  in  the 
results  obtained  by  the  optimization  procedure.  In  the  con- 
tract section  worth  model  discussed  earlier,  the  objective 
function  coefficients  was  computed  as  the  product  of  the 
contract  section  worth  (CSW),  the  percent  reduction  in  pave- 
ment distress  associated  with  a  particular  resurfacing  stra- 
tegy, and  the  growth  factor  which  takes  into  account  the 
increase  in  roughness  number  during  the  analysis  period. 
The  contract  section  worth  was  the  primary  parameter  that 
reflected  the  impact  of  selecting  a  particular  pavement  sec- 
tion versus  another.  It  was  assumed  that  all  performance 
factors  associated  with  each  pavement  section  can  be  aggre- 
gated into  a  composite  linear  weighed  factor  such  as  the 
contract  section  worth  factor.  The  effect  of  selecting  a 
particular  resurfacing  strategy,  however,  was  measured  in 
terms  of  roughness.  The  implicit  assumption  was  that  the 
factors  included  in  computing  the  contract  section  worth  are 
directly  related  to  roughness  and  that  the  change  in  con- 
tract section  worth  is  proportional  to  the  expected  change 
in  roughness.  It  can  be  argued  that  this  assumption  is  not 
entirely  valid  because  of  the  non-linearity  of  some  of  the 
factors.  A  more  direct  approach  would  be  to  consider  a  sin- 
gle factor  representing  pavement  performance.  This  factor 
can  be  a  measurable  factor  such  as  roughness,  or   a   derived 
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factor  such  as  pavement  condition  Index.  However,  In  the 
present  study  the  effectiveness  of  alternative  resurfacing 
strategies  was  measured  In  terms  of  change  in  roughness 
number.  This  was  done  because  the  IDOH  has  a  roughness  data 
collection  program  that  provided  a  ready  source  of  informa- 
tion to  monitor  and  evaluate  the  effectiveness  of  various 
resurfacing  strategies.  The  roughness  number  can  be  meas- 
ured within  a  relatively  short  period  of  time  and,  if  prop- 
erly calibrated,  can  also  be  used  to  develop  the  performance 
equation  required  to  take  into  account  the  deterioration  of 
the  pavement  during  its  design  life.  Consequently,  it  was 
decided  to  formulate  another  alternative  optimization  model 
in  which  the  objective  function  was  to  maximize  reduction  in 
roughness  in  the  entire  highway  system  under  consideration. 

Roughness  Reduction  Model 


The  roughness  reduction  model  was  formulated  in  this 
study  as  an  alternate  model  for  the  IDOH  pavement  management 
system.  The  model,  in  its  present  form,  uses  the  present 
roughness  number  of  each  contract  section  along  with  the 
variable  that  represents  the  percent  reduction  in  roughness 
number  associated  with  a  particular  resurfacing  strategy  and 
the  rate  of  increase  in  roughness  number  for  each  contract 
section  to  compute  the  objective  function  coefficient.  The 
only  difference  between  the  contract  section  worth  model  and 
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the  roughness  reduction  model  is  that  the  contract  section 
worth  factor  was  replaced  with  the  present  roughness  number. 
The  total  reduction  in  roughness  number  for  each  pavement 
section  after  the  application  of  a  particular  resurfacing 
strategy  is  the  new  measure  of  effectiveness.  The  objective 
function  for  the  roughness  reduction  model  is  shown  below: 


Max  Z 


n 

Z         Z 
1-1  jeA, 


nyear 

Z 

k=-l 


RN^  Gik  ^^^  ^Ijk 


(6  .10) 


where ; 

RED  . 

J 

''ijk 

nyear 
n 


present  roughness  number  for  contract  section  1; 

roughness  increase  rate  for  contract  section  1; 

.  th 
in  the  k    year; 

percent  reduction  in  pavement  roughness  if 

resurfacing  activity  j  is  selected; 

1  if  contract  section  1  receives  resurfacing 

activity  j  in  year  k; 

number  of  years  in  analysis  period; 

total  number  of  deficient  pavement  contract 

sections . 


The  constraints  of  the  roughness  reduction  model  remain 

the   same   as   in   case  of  the  contract  section  worth  model. 

The  application  of  these  optimization  models  is  shown  in  the 
following  chapter. 
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Description  of  Available  Computer  Codes 

There  are  several  computer  codes  available  at  Purdue 
University  for  solving  Integer  programming  problems.  In  the 
following  paragraphs  these  computer  codes  are  briefly 
described  along  with  their  capabilities  and  limitations. 

MIPZl 

MIPZl  is  a  mixed  integer  programming  package  developed 
by  the  Department  of  Agricultural  Economics  at  Purdue 
University  [86].  The  algorithm  is  basically  a  refinement  of 
Balas'  Additive  Algorithm  [87].  At  the  present  time  It  can 
be  used  to  solve  problems  with  up  to  150  constraints  and  450 
zero-one  integer  variables.  The  data  used  as  input  to  the 
program  must  be  entered  In  MPS  format.  The  access  to  this 
program  is  through  the  Purdue  University  CDC  machine. 

MPOS 


MPOS  Is  an  optimization  package  developed  at 
Northwestern  University  to  solve  optimization  problems  on 
CDC  6000  and  CYBER  205  computer  [89,90].  It  was  developed 
in  such  a  way  that  the  formulation  of  a  particular  problem 
can  be  stated  In  plain  English  and  algebraic  notation. 
Several  integer,  linear,  and  quadratic  algorithms  are 
included  in  the  package.  These  are: 
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1.  Branch  and  Bound  Mixed  Integer  Program  (BBMIP) 

2.  Direct  Search  Zero-One  Integer  Programming  (DSZIIP) 

3.  Gomory's  Cutting  Plane  Program  (GOMORY) 

LINDO 

LINDO  is  an  interactive  computer  package  developed  at 
the  University  of  Chicago  by  Schrage  for  solving  integer, 
linear,  and  quadratic  programming  problems  [89,90].  At  the 
present  time  it  can  be  used  to  solve  problems  with  up  to 
1100  constraints  and  4000  variables.  The  data  can  be  entered 
in  different  ways.  For  example,  it  has  interfaces  for 
Mathematical  Programming  System  (MPS)  files,  written  FORTRAN 
subroutines,  and  for  Benders  decomposition  for  integer  pro- 
gramming problems.  The  access  to  this  computer  code  is 
through  the  Purdue  University's  Engineering  Computer  Network 
(ECN)  VAX  System. 

The  LINDO  computer  package  was  selected  to  run  the 
optimization  program  for  this  study  since  it  is  capable  to 
handle  a  sufficiently  large  scale  problem.  In  addition  it 
could  be  run  on  the  Purdue  Vax  780  available  in  the  Purdue 
Engineering  Network  which  includes  the  School  of  Civil 
Engineering.   The  Purdue  Vax  which  uses  the  Unix  Operating 
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System  developed  at  Berkeley  has  virtual  memory  and  it  can 
execute  almost  any  program  irrespective  of  the  memory  and 
processing  unit  requirements. 
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CHAPTER  7 

APPLICATION  OF  THE  OPTIMIZATION  MODEL  TO 
THE  INTERSTATE  HIGHWAY  SYSTEM 


In t roduc  t ion 

In  this  chapter  the  application  of  the  optimization 
model  to  the  interstate  highway  system  of  Indiana  is 
described.  This  chapter  is  divided  into  four  major  parts. 
The  first  part  explains  the  methodology  adopted  for  select- 
ing the  pavement  sections  that  entered  into  the  optimization 
program  at  the  beginning  of  the  analysis  period.  The  second 
part  explains  the  methodology  used  for  selecting  additional 
pavement  sections  included  in  optimization  program  during 
the  second  through  fifth  year  of  the  analysis  period.  The 
third  part  shows  the  results  of  applying  the  optimization 
model  to  the  interstate  highway  system.  The  effect  of  dif- 
ferent budget  scenarios  is  also  covered  in  this  chapter. 
Finally,  the  graphical  interactive  technique  is  applied  on  a 
particular  interstate  route  to  visually  verify  the  results 
obtained  with  the  optimization  routine. 
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Selection  of  Initial  Pavement  Contract  Sections 

The  process  of  selecting  pavement  contract  sections   at 
the  beginning  of  the  analysis  period,  shown  schematically  in 


Figure  7.1, 
1  , 


is  summarized  below, 


Pavement  sections  were  selected  by  contract  section  and 
categorized  into  two  major  types  of  pavements,  namely 
asphalt  (i.e.  includes  conventional  pavements,  full- 
depth,  and  overlayed  pavements)  and  concrete  (Includes 
JRCP,  CRCP  ,  JPCP)  pavements. 


2.  Asphalt  pavement  sections  with  a  roughness  number 
greater  than  1400  counts  per  mile  and  concrete  pavement 
sections  with  roughness  numbers  greater  than  2000 
counts  per  mile  were  identified  and  selected  for  the 
pavement  condition  survey. 

3.  Contract  sections  already  identified  as  being  rough 
were  further  divided  into  one-mile  sections  and  the 
pavement  condition  rating  was  determined  for  each  sec- 
tion using  the  rating  procedure  developed  by  IDOH  for 
this  purpose  and  explained  in  Chapter  4. 

4.  An  average  pavement  condition  rating  was  then  computed 
for  the  entire  contract  section. 


Other  necessary  performance  data  pertaining  to  these 
pavement  sections  were  then  obtained  from  the  IDOH 
Research  &  Training  Center.  These  Include  roughness 
number  during  the  last  four  years,  pavement  age,  pave- 
ment type,  directional  ADT,  and  contract  length. 

Performance  factors  which  depend  upon  the  above  parame- 
ters were  then  computed.  These  include  weighed  direc- 
tional ADT  for  each  pavement  section,  change  in  rough- 
ness number  between  any  two  years,  and  cumulative  ADT 
since  the  section  in  question  was  opened  to  traffic. 

The  equivalent  performance  curves  described  in  Chapter 
3  were  then  used  to  transform  the  af or e -ment loned  per- 
formance indicators  Into  an  equivalent  scale  from  0  to 
100,  0  corresponds  to  very  poor  condition,  and  100 
corresponding  to  excellent  condition. 
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Figure  7.1  Steps  Used  for  Selecting  Initial  Pavement  Sections 
for  the  Optimization  Model. 
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9. 


The  performance  factors  were  then  weighed  according  to 
its  relative  Importance  among  the  factors  being  con- 
sidered. The  sum  of  the  assigned  weights  should  always 
be  equal  to  one. 

Resurfacing  activities  were  then  assigned  to  each  con- 
tract section  selected  for  the  optimization  problem 
based  on  the  current  ADT  of  the  facility.  A  total  of 
three  resurfacing  activities  out  of  a  possible  seven 
were  assigned  to  each  pavement  section. 


10.  Percent  reduction  in  pavement  roughness  associated  with 
the  resurfacing  activities  assigned  to  each  contract 
section  were  then  computed  using  the  procedure 
explained  in  Chapter  5. 

11.  Traffic  growth  factor  associated  with  each  pavement 
section  was  estimated  and  input  to  the  optimization 
program . 

12.  Average  routine  maintenance  costs  expected  during  the 
next  five  years  for  the  resurfacing  strategies  con- 
sidered were  input  to  the  program. 

13.  Unit  cost  Information  associated  with  each  resurfacing 
activity  was  then  used  along  with  the  length  of  each 
contract  section  to  compute  the  resurfacing  costs  of 
each  pavement  section  considered  In  the  formulation. 

14.  Budget  estimates  obtained  from  IDOH  Planning  Division 
for  the  current  year  as  well  as  for  the  last  four  years 
were  then  used  to  estimate  the  expected  budget  for  the 
next  four  years  of  the  analysis  period.  This  informa- 
tion was  Input  to  the  optimization  formulation. 

15.  The  objective  function  and  constraint  coefficients  were 
then  computed  using  the  equations  described  In  Chapter 
6. 


16.  The  optimization  program,  based  on  a  zero-one  integer 
programming  technique,  was  then  used  to  run  the  pro- 
posed formulation  as  described  in  Chapter  6.  The  pave- 
ment contract  sections  selected  for  resurfacing  by  the 
optimization  program  during  each  year  of  the  analysis 
period  were  then  tabulated. 


239 


A  total  of  24  1  one-mile  concrete  pavement  sections  and 
five  flexible  pavement  sections  in  the  interstate  system 
were  observed  to  have  roughness  number  exceeding  the 
appropriate  threshold  values  during  the  1982  pavement  condi- 
tion survey. 

Since  the  pavement  condition  survey  was  conducted  at 
one-mile  intervals,  it  was  necessary  to  group  the  rating 
scores  according  to  the  contract  section  which  is  the  unit 
of  measurement  used  in  the  optimization  formulation.  There- 
fore the  24  1  one-mile  pavement  sections  were  finally  grouped 
into  seventy  representative  paving  contract  sections. 


The  five  one-mile  flexible  pavement  sections  were  not 
considered  In  the  optimization  analysis  for  the  following 
reasons  (see  Table  7.1): 

1.  The  two  one-mile  sections  corresponding  to  contract  no. 
9589  were  not  contiguous  and  when  compared  with  the 
roughness  number  obtained  or  the  entire  five  mile  sec- 
tion it  barely  exceeded  the  threshold  value  used  (i.e. 
the  average  roughness  number  for  the  entire  section  was 
1492  as  compared  to  the  threshold  value  of  1400). 

2.  A  similar  situation  was  found  in  contract  no.  11664  in 
which  the  average  roughness  number  for  the  entire  sec- 
tion was  actually  below  the  threshold  value  used  Ini- 
tially to  screen  the  pavement  sections  (i.e.  The  aver- 
age roughness  number  for  the  section  was  1322  as  com- 
pared to  the  threshold  value  of  1400). 

3.  The  ages  of  the  two  contract  sections  were  8  and  5 
years,  respectively.  This  means  that  the  two  pavement 
sections  were  relatively  new  as  compared  to  most  of  the 
concrete  pavement  sections  entered  into  the  optimiza- 
tion problem  which  are  in  the  range  of  20  years. 
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The  average  pavement  condition  index  for  these  two  con- 
tract sections  was  83  which  means  that  the  overall 
structural  condition  of  the  pavement  surface  appeared 
to  be  in  "good"  condition. 

Finally,  the  five  one-mile  sections  were  representative 
of  only  two  contract  sections  which  constituted  less 
than  three  percent  of  the  entire  pavement  network. 


Considering  70  sections,  3  resurfacing  strategies  per 
section  and  5  years  In  the  analysis  period,  1050  decision 
variables  were  initially  required  for  the  optimization 
model.  A  total  of  1190  section  constraints  were  included  in 
the  formulation.  Since  the  primary  purpose  of  developing 
the  optimization  model  was  to  be  used  in  a  multi-year  frame- 
work rather  than  on  a  yearly  basis,  there  was  a  need  to 
develop  a  procedure  by  which  pavement  sections  that 
deteriorate  within  the  next  four  years  can  be  identified  and 
analyzed.  In  the  following  paragraphs  the  methodology  used 
for  identifying  deficient  pavement  sections  in  the  next  four 
years  is  described. 

Selection  of  Additional  Contract  Sections 


The  procedure  followed  for  selecting  additional  pave- 
ment sections  to  be  considered  after  first  year  of  the 
analysis  period  is  shown  schematically  in  Figure  7.2  and 
summarized  below: 

1.   The  roughness  inventory   data   corresponding   to   years 

1979   through  1982  were  obtained  from  the  IDOH  Research 
and  Training  Center  for  each  interstate  route. 


C    START   ) 
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Figure  7.2   Steps  Used  for  Selecting  Additional 
Pavement  Sections. 
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2.  Summary  tables  containing.  performance  information  of 
the  pavement  section  as  well  as  the  roughness  numbers 
for  the  last  four  years  were  generated  by  interstate 
route  and  the  information  was  tabulated  by  contract 
section.  These  include  the  length  of  the  pavement  sec- 
tion, pavement  type  and  surface,  directional  ADT,  pave- 
ment age,  cumulative  ADT,  and  the  roughness  numbers 
corresponding    to    the    last    four    years. 

3.  All  pavement  sections  which  did  not  have  roughness 
number  measured  in  each  of  the  the  last  four  years  were 
d  L  s  r  e  R  a  r  d  e  d  . 

A.  All  pavement  sections  which  were  resurfaced  within  the 
last  three  years  were  also  disregarded  since  it  was 
assumed  that  any  resurfacing  performed  in  the  Inter- 
state highway  system,  irrespective  of  the  thickness  of 
the  surface  course,  will  perform  satisfactorily  for  at 
least  during  the       five       years       considered       in       this 

analysis.  This  was  based  on  the  fact  that  the  average 
interstate  resurfacing  in  Indiana  is  about  8  years  of 
age  and  tlie  average  rougliness  number  is  around  9S0 
counts     per    mile. 

5.        Regression  equations  were   then  developed   for  each  interstate   route 

and  pavement   type  combination  using  the  roughness  number  measurements 
for  two  years,    1979  and  1981.      The  dependent  variable  was   the  1981 
roughness  number  with   the  1979   roughness  number  as   the  independent 
variable.     As  an  example  of  this  regression,   analysis  for  JRC 
pavements   for  Interstate  65  North  is  given  in  Figure   7.3.      The 
regression  models  were  assumed   to  be  representative  of  the 
deterioration  pavement   sections  were  experiencing  during   that 
period  of   time.      The  regression  models  are  summarized   in  Table   7.2. 
The  equation  to   estimate  roughness  number   for  a  particular  year  was 
developed  as  a   function  of   the  roughness  number  of   the  preceeding 
years  by   interpolating  the  results  of   the  regression  analysis   given 
in  Table    7.2. 

f)  .  The  regression  coefficients  applicable  to  each  inter- 
state route  and  pavement  type  were  then  used  to  predict 
the     roughness     number     for     1984,     1985,     and    so    on. 

7.  All  those  pavement  sections  which  exceeded  the  rough- 
ness limits  associated  with  each  type  of  pavement  dur- 
ing any  of  these  four  years  were  then  input  to  the 
optimization  model  in  the  year  in  which  the  roughness 
number    was     exceeded. 

8.  All  otlier  performance  information  associated  with  these 
pavement  sections  was  then  obtained  in  the  same  manner 
as  explained  at  the  beginning  of  this  chapter.  The 
onlv       difference     is     that     the    parameter     representing     the 
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Figure  7.3  Regression  Equation  Results  for  Roughness 
Number  Measured  on  JRC  Pavements  on 
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Table   7.2  Regression  Equations  Developed  for  the  Interstate 
Highway  System 


Route 

Paveocnc 

Regr« 

No. 

Type 

RN80 

I  64  E 

JRC/PCC 

RN8U 

Full  Depth 

RN80 

I  64  W 

JRC/PCC 

RN80 

Full  Depth 

RN80 

I  65  N 

CRC* 

RN80 

JRC** 

RN80 

OVERLAY* 

RN80 

I  65  S 

CRC 

RN80 

JRC 

RN80 

OVERLAY 

RN80 

I  69  N 

JRC 

RN80 

I  59  S 

JRC 

RM80 

I  70  E 

JRC 

RM80 

I  70  W 

JRC 

RN80 

I  74  E 

JRC 

RN80 

I  74  W 

JRC 

RN80 

Regression  Equation 
a  +  b*(RN79) 


231.68  +  0.907(RN79) 
316.30  +  0.755(RN79) 

100.50  +  0.994(RN79) 
18.34  +   1.174(RN79) 
501.42  +  0.71(RN79) 
194.65  +  0.948(RN79) 
398.89  +  0.714(RN79) 
163.03  +  0.96(RN79) 

182.51  +  0.97(RN79) 
398.89  +  0.714(RN79) 
244.26  +  0.936(RN79) 
244.26  +  0.936(RN79) 
52.06  +   1.055(RN79) 
182.33  +  0.96(RN79) 
192.55  +  0.969(RN79) 
191.37  +  0.908(RN79) 


Correlation 

Contracts 

Coefficient 

Analysed 

.............. 

0.640 

9 

0.630 

10 

0.837 

9 

0.766 

10 

0.701 

18 

0.827 

15 

0.843 

12 

0.823 

18 

0.946' 

13 

0.843 

12 

0.678 

25 

0.678 

25 

0.6<.3 

19 

0.544 

8 

0.781 

20 

0.867 

21 

*  The   regression  models   developed   for  CRC  pavements   and  overlay   pavements 
for   Interstate  65   North  were   used   to   generate    the    future    roughness 
numbers   for   CRC  and  overlay   pavements    located  on   other   Interstate 
routes    since    there  were   not   enough   observations   en   these    routes 
to   generate    reliable   prediction   models. 

**  The   models    developed   for    Jointed    reinforced   concrete   pavements 

for    Interstate   65   North  were   usi^d   Co   generate    die    future    roughness 
numbers    for   Interstate   94  and    Interstate   465   since    there   were   not 
enough   observations    to   generate    reliable   models   for    these    routes. 
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pavement  condition  index  was  eliminated  from  the  formu- 
lation since  pavement  condition  survey  was  Initiated 
only  in  1982  as  explained  in  Chapter  4, 


Development  of  Regression  Equations 


The  primary  reason  for  developing  separate  regression 
models  for  each  interstate  route  is  to  take  into  account 
indirectly  the  age  of  the  pavement  as  well  as  the  traffic 
distribution  of  the  route  in  question.  For  example,  the 
regression  model  for  Interstate  64  East  for  full-depth 
asphalt  pavements  comprises  all  contract  sections  which  have 
an  ADT  between  3,000  and  5,000  vehicles  per  day  and  average 
pavement  age  of  7  years  as  compared  to  the  contiguous  con- 
crete pavement  sections  which  have  an  average  pavement  age 
of  16  and  12  years,  respectively  (see  Figures  7.4  and  7.5). 
The  regression  models  for  Interstate  65  North,  on  the  other 
hand,  represents  pavement  sections  which  are  between  2  and  9 
years  old  for  asphalt  pavements,  and  between  13  and  24  years 
old  for  jointed  reinforced  and  continuously  reinforced  con- 
crete pavements.  The  ADT  is  also  much  higher  as  compared  to 
1-64  East,  between  8,000  and  35,000  vehicles  per  day  (see 
Figures  7.6  and  7.7).  Furthermore,  there  is  a  higher  truck 
distribution  on  Interstate  65  North  rather  than  on  Inter- 
state 64  East.  Therefore,  it  can  be  expected  that  the  rate 
of  deterioration  is  more  critical  (on  the  average)  on  Inter- 
state 65  North  as  compared  to  Interstate  64  East. 
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Climatic  Considerations 

To  take  into  account  the  effect  of  climate  in  the 
modelling  process,  the  state  of  Indiana  was  divided  into  two 
climatic  zones  as  shown  in  Figure  7.8.  Previous  study  con- 
ducted at  Purdue  University  in  the  area  of  pavement  evalua- 
tion divided  the  State  into  three  regional  zones  using  the 
AASHTO  regional  factors  [71]  .  However,  the  primary  reason 
for  including  the  regional  zones  in  this  study  was  to  recog- 
nize the  difference  in  climate  experienced  by  Interstate  65 
which. is  the  only  interstate  route  crossing  the  State  from 
north  to  south,  and  for  this  purpose  the  consideration  of 
only  two  zones  was  adequate.  Consequently,  separate  regres- 
sion models  were  developed  for  the  northern  and  southern 
parts  of  Interstate  65. 

Summary  of  Results -Regress i on  Equations 


The  roughness  number  generated  for  the  interstate  high- 
way system  using  the  afore-mentioned  procedure  for  years 
1983  through  1987  as  well  as  the  roughness  number 
corresponding  to  years  1979  through  1983  are  summarized  in 
Tables  B.l  through  B.14  in  Appendix  B  according  to  pavement 
type  and  Interstate  route.  The  pavement  sections  that  were 
selected  as  input  to  the  optimization  model  are  marked  in 
these   Tables   with   an   asterisk   (*)  next  to  the  roughness 
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number  used  for  selecting  them.  For  example,  Table  B.5  shows 
the  contract  sections  corresponding  to  Interstate  69  north- 
bound lane  which  have  four  years  of  roughness  data  avail- 
able. For  this  particular  route,  contract  section  7199  was 
selected  as  Input  to  the  optimization  model  at  the  start  of 
year  1984  with  a  roughness  number  of  2040  counts  per  mile, 
whereas  contract  section  5995  was  entered  to  the  model  at 
the  beginning  of  year  1985  with  a  roughness  number  of  2006 
counts  per  mile.  Also  contract  section  6022  was  input  to 
the  optimization  model  at  the  start  of  year  1986  with  a 
roughness  number  of  2090  counts  per  mile.  Other  data  per- 
taining to  these  pavement  sections  such  as  contract  length, 
type  of  surface,  directional  ADT,  pavement  age,  and  cumula- 
tive ADT  since  the  last  time  a  major  Improvement  was  per- 
formed on  the  section,  are  also  summarized  in  these  Tables 
in  columns  2  through  6,  respectively.  All  of  these  data  are 
used  to  generate  the  coefficients  of  the  objective  function 
and  constraints  defined  in  Chapter  6. 


In  summary,  forty-eight  additional  pavement  contract 
sections  were  incorporated  into  the  optimization  problem, 
representing  190.1  miles  or  about  20  percent  of  the  inter- 
state pavement  network.  In  other  words,  the  proposed  pro- 
cedure estimates  that  at  least  20  percent  of  the  interstate 
network   of   Indiana   will   need  resurfacing  within  the  next 
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five  years  assuming  roughness   numbers   correctly   represent 
pavement  surface  condition. 

Operation  of  the  Optimization  Model 

The  pavement  sections  identified  as  deficient  either  at 
the  first  year  or  during  subsequent  years  in  the  analysis 
period  are  then  used  as  input  to  the  optimization  problem. 
The  optimization  model  developed  for  the  interstate  highway 
system  is  a  zero-one  integer  programming  problem  based  on 
the  branch  and  bound  technique  described  in  Chapter  6.  The 
unit  of  measurement  considered  in  this  study  is  the  contract 
section.  The  information  pertaining  to  the  contract  sec- 
tions selected  at  the  start  of  the  analysis  period  is  sum- 
marized in  Table  7.3.  The  information  pertaining  to  the 
additional  sections  selected  is  summarized  in  Table  7.4. 
The  year  in  which  the  pavement  sections  are  incorporated 
into  the  optimization  problem  is  also  indicated  In  these 
Tables.  Also  shown  in  these  Tables  are  the  feasible  resur- 
facing strategies  applicable  to  the  input  sections. 


Application  of  the  Model 

To  illustrate  the  application  of  the  multi-year  optimi- 
zation model,  the  interstate  highway  system  was  used.  A 
total  of  seventy  contract  sections  was  initially  selected 
and  an  additional  forty-eight  for  subsequent  years  using  the 
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Table  7.3   Information  Pertaining  to  the  Initial  Pavement  Sections 
Selected  as  Input  to  the  Model 


Rout* 

Contract 

Length 

Surface 

ADT 

Age 

RN 

tear 

Reaurfadng 

Activity** 

Nuabar 

Nuaber 

Bllaa 

Type* 

vpd 

Uaed 

Input 

a 

b 

c 

d 

e 

f 

s 

1-65  n 

8001 

253 

13225. 

11. 

2424. 

1982 

0 

0 

1 

1 

0 

0 

1-74  • 

5481 

232 

6450. 

19. 

2216. 

1982 

0 

0 

0 

0 

1-26S  ■ 

10033 

252 

5600. 

6. 

2777. 

1982 

0 

0 

0 

0 

1-69  n 

6141 

252 

7362. 

17. 

3137. 

1982 

0 

0 

0 

0 

1-69  n 

6183 

252 

6600. 

17. 

2589. 

1982 

0 

0 

0 

0 

1-69  n 

6415 

252 

6100. 

17. 

2420. 

1982 

0 

0 

0 

0 

1-69  n 

6063 

252 

10025. 

18. 

2483. 

1982 

1 

I 

0 

0 

1-69  n 

6142 

252 

7150. 

17. 

2079. 

1982 

0 

0 

0 

0 

1-69  n 

6022 

252 

7150. 

18. 

2055. 

1982 

0 

0 

0 

0 

1-69  n 

5995 

252 

7150. 

19. 

2031. 

1982 

0 

0 

0 

0 

1-69  n 

6505 

252 

6500. 

18. 

2480. 

1982 

0 

0 

0 

0 

1-69  n 

6930 

252 

5436. 

16. 

2069. 

1982 

0 

0 

0 

0 

1-69  s 

6506 

252 

6500. 

18. 

2216. 

1982 

0 

0 

0 

0 

1-69  s 

6022 

252 

7150. 

18. 

2245. 

1982 

0 

0 

0 

0 

1-69  » 

6063 

252 

8012. 

18. 

2231. 

1982 

0 

0 

0 

0 

1-69  s 

6415 

252 

6100. 

17. 

2322. 

1982 

0 

0 

0 

0 

1-69  s 

6183 

252 

6600. 

17. 

2527. 

1982 

0 

0 

0 

0 

1-69   s 

6141 

252 

7362. 

17. 

2348. 

1982 

0 

0 

0 

0 

1-65  ■ 

6539 

252 

11500. 

16. 

2002. 

1982 

1 

1 

0 

0 

1-65  s 

7275 

252 

8100. 

14. 

2669. 

1982 

0 

0 

0 

0 

1-65  9 

7143 

252 

8100. 

14. 

2430. 

1982 

0 

0 

0 

0 

1-65   s 

7935 

253 

9837. 

11. 

2577. 

1982 

0 

0 

0 

0 

1-65  s 

7858 

253 

11187. 

10. 

2972. 

1982 

0 

1 

1 

0 

0 

1-65  • 

8232 

253 

9887. 

10. 

2031. 

1982 

0 

0 

0 

0 

1-65  s 

8208 

253 

9837. 

11. 

2057. 

1982 

0 

0 

0 

0 

1-65  • 

7633 

253 

8560. 

12. 

2063. 

1982 

0 

0 

0 

0 

1-65  a 

7677 

253 

8560. 

12. 

2189. 

1982 

0 

0 

0 

0 

1-65  a 

7714 

253 

8125. 

12. 

2153. 

1982 

0 

0 

0 

0 

1-65  a 

7677 

253 

8560. 

12. 

2294. 

1982 

0 

0 

0 

0 

1-70  e 

7092 

5.8 

252 

12250. 

14. 

2640. 

1982 

0 

0 

0 

0 

1-70  w 

7057 

2.0 

252 

12250. 

14. 

2401. 

1982 

0 

0 

0 

0 

1-70  e 

7389 

4.8 

252 

12500. 

12. 

2185. 

1982 

0 

0 

0 

0 

1-70  e 

6968 

7.3 

252 

17500. 

14. 

2248. 

1982 

0 

0 

0 

0 

1-70  w 

7091 

0.7 

252 

12000. 

13. 

2626. 

1982 

0 

0 

0 

0 

1-70  e 

7390 

6.6 

252 

12500.    12. 

2106. 

1982 

0 

■  MM 

0 

Bsa 

0 

0 

*The  code  for  type  of  surface  or  pavement  la 

1.  Jointed  Reinforced  Concrete  (JRC)       -  252 

2.  Contlnuoulay  Reinforced  Concrete  (CRC)   -  253,  263 

**The  reaurfacing  atrategy  code  la  ahotm  In  Table  7.5 
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Table  7.3  Information  Pertaining  to  the  Initial  Pavement  Sections 
Selected  as  Input  to  the  Model  (Continued) 


IMIC* 

Contract 

Ufigth 

Surfaca 

ACT     i 

isa 

Ill 

Taar 

teaurfaelng  Activity** 

Ruater 

NuBb«r 

■llM 

Typa* 

Tfd 

Uaad 

Input 

a 

b 

e 

d 

a 

f 

s 

1-74  • 

4843 

3.5 

252 

8000. 

21. 

2240. 

1982 

1 

1 

0 

0 

0 

0 

1-74  • 

6269 

5.3 

252 

3763. 

14. 

2258. 

1982 

1 

1 

0 

0 

0 

0 

1-74  • 

4545 

6.6 

252 

11450. 

21. 

2345. 

1982 

0 

0 

1 

1 

0 

0 

1-74  • 

5434 

2.7 

252 

5550. 

19. 

2218. 

1982 

1 

1 

0 

0 

0 

0 

1-74  • 

4507 

5.8 

252 

9025. 

22. 

2055. 

1982 

1 

1 

0 

0 

0 

0 

1-74  w 

5434 

2.7 

252 

5550. 

21. 

2048. 

1982 

1 

1 

0 

0 

0 

0 

1-65  n 

5856 

3.2 

252 

10650. 

18. 

2484. 

1982 

0 

0 

1 

1 

0 

0 

1-M  n 

7274 

5.8 

252 

12150. 

13. 

2863. 

1982 

0 

0 

1 

1 

0 

0 

l-«9  n 

5968 

4.0 

252 

11600. 

18. 

2209. 

1982 

0 

0 

1 

1 

0 

0 

1-69  B 

5805 

4.4 

252 

11309. 

19. 

2464. 

1982 

0 

0 

1 

1 

0 

0 

1-69  n 

5842 

2.2 

252 

9525. 

19. 

2078. 

1982 

0 

0 

0 

0 

1-69  n 

5814 

3.7 

252 

9525. 

18. 

2382. 

1982 

0 

0 

0 

0 

1-69  n 

5843 

2.7 

252 

9525. 

17. 

2568. 

1982 

0 

0 

0 

0 

1-69  n 

5857 

5.3 

252 

7312. 

19. 

2686. 

1982 

0 

0 

0 

0 

1-69  n 

6062 

3.1 

252 

7312. 

18. 

2533. 

1982 

0 

0 

0 

0 

1-69  • 

5857 

5.3 

252 

7312. 

19. 

2641. 

1982 

0 

0 

0 

0 

1-69  s 

5814 

4.2 

252 

9525. 

18. 

2479. 

1982 

0 

0 

0 

0 

1-69  ■ 

5842 

1.7 

252 

9525. 

18. 

2433. 

1982 

0 

0 

0 

0 

1-69  s 

5805 

4.4 

252 

11582. 

19. 

2442. 

1982 

0 

0 

0 

0 

1-69  • 

5968 

4.0 

252 

11036. 

18. 

2008. 

1982 

0 

0 

0 

0 

1-69  • 

7274 

5.8 

252 

12150. 

13. 

2750. 

1982 

0 

0 

0 

0 

1-70  • 

7473 

4.5 

252 

25500. 

13. 

2487. 

1982 

0 

0 

0 

0 

1-70  • 

7338 

6.4 

252 

12888. 

13. 

3495. 

1982 

0 

0 

0 

0 

1-70  • 

6685 

5.3 

252 

12888. 

14. 

2554. 

1982 

0 

0 

0 

0 

1-70  c 

6602 

9.2 

252 

9412. 

14. 

3159. 

1982 

0 

0 

0 

0 

1-70  • 

6603 

6.4 

252 

9287. 

14. 

2965. 

1982 

0 

0 

0 

0 

1-70  • 

6815 

6.9 

252 

9287. 

15. 

3491. 

1982 

0 

0 

0 

0 

1-70  w 

6603 

6.4 

252 

9287. 

15. 

2713. 

1982 

0 

0 

0 

0 

1-70  w 

6826 

0.4 

252 

9412. 

14. 

2599. 

1982 

0 

0 

0 

0 

1-70  w 

6602 

9.2 

252 

9412. 

14. 

2787. 

1982 

0 

0 

0 

0 

1-70  w 

6685 

5.3 

252 

9412. 

14. 

2647. 

1982 

0 

0 

0 

0 

1-70  w 

7338 

6.4 

252 

12888. 

14. 

3078. 

1982 

0 

0 

1 

1 

0 

0 

1-70  w 

7473 

4.5 

252 

16300. 

13. 

2424. 

1982 

0 

0 

1 

1 

0 

0 

1-70  w 

10348 

2.5 

252 

45000. 

6. 

2235. 

1982 

0 

0 

0 

0 

1 

1 

1 

1-70  w 

6956 

3.7 

252 

20500. 

15. 

2162. 

1982 

0 

0 

1 

1 

1 

0 

0 

*Tha  coda  for  aurface  cypa  or  paveacnt   la: 

1.  Jolntad  Ralnforccd  Concreta  (JRC)  -  252 

2.  Contlnuoualy  Ralnforcad  Concrata  (CtC)     •  253,263 

**TtM  raaurfadng  activity  coda  la  ahown  In  Tabla  7.5 
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Table  7.4   Information  Pertaining  to  the  Additional  Pavement  Sections 
Selected  as  Input  to  the  Model 


Koute 

Contract 

Length 

Surface 

ADT     Age 

Ui 

Year 

Halntenace 

Activity** 

Nuaber 

Niuiber 

miles 

Type* 

vpd 

Used 

Input 

a 

b 

c 

d 

e 

f 

8 

1-65  n 

10232 

1.6 

261 

27267 

7 

2059 

1986 

0 

0 

I 

I 

0 

0 

1-65  n 

5856 

3.2 

252 

12686 

19 

2088 

1983 

0 

0 

I 

1 

0 

0 

1-65  s 

10347 

1.2 

261 

27675 

7 

2060 

1985 

0 

0 

1 

1 

0 

0 

1-65  • 

7714 

5.5 

253 

8139 

13 

2052 

1986 

1 

1 

0 

0 

0 

0 

1-65  s 

7677 

4.4 

253 

9543 

13 

2071 

1984 

1 

1 

0 

0 

0 

0 

1-65  s 

7633 

5.2 

253 

8560 

13 

2027 

1985 

I 

1 

0 

0 

0 

0 

1-65  • 

7624 

1.7 

253 

23821 

13 

2029 

1986 

0 

0 

1 

1 

0 

0 

1-65  9 

7198 

3.3 

252 

8100 

15 

2051 

1986 

1 

1 

0 

0 

0 

0 

1-65  ■ 

6333 

1.4 

252 

15843 

17 

2003 

1985 

0 

0 

1 

1 

0 

0 

1-65  s 

5969 

2.5 

252 

20256 

19 

2077 

1984 

0 

0 

1 

1 

0 

0 

1-65  8 

4710 

1.4 

252 

10700 

22 

2077 

1986 

0 

0 

1 

1 

0 

0 

1-69  n 

7199 

5.4 

252 

11450 

13 

2040 

1984 

0 

0 

1 

1 

0 

0 

1-69  n 

6930 

3.6 

252 

5448 

17 

2012 

1984 

1 

1 

0 

0 

0 

0 

1-69  n 

6063 

5.1 

252 

8088 

19 

2027 

1984 

1 

1 

0 

0 

0 

0 

1-69  n 

6022 

3.7 

252 

7150 

19 

2091 

1986 

1 

1 

0 

0 

0 

0 

1-69  n 

5995 

4.1 

252 

7102 

20 

2006 

1985 

1 

1 

0 

0 

0 

0 

1-69   n 

5968 

4.0 

252 

11149 

19 

2101 

1984 

0 

0 

1 

1 

0 

0 

1-69  n 

5805 

4.4 

252 

11499 

20 

2039 

1985 

0 

0 

1 

1 

0 

0 

1-69  8 

6930 

3.6 

252 

5448 

17 

2099 

1986 

1 

1 

0 

0 

0 

0 

1-69  s 

6022 

3.7 

252 

7150 

19 

2053 

1984 

1 

1 

0 

0 

0 

0 

1-69  s 

5995 

4.1 

252 

7102 

20 

2089 

1986 

1 

1 

0 

0 

0 

0 

1-69  8 

5968 

4.0 

252 

11149 

19 

2080 

1984 

0 

0 

1 

1 

0 

mmm. 

0 

*The  code  for  type  of  surface  or  pavement  Is: 

1.  Jointed  Reinforced  Concrete  (JRC)      -  252 

2.  Continuously  Reinforced  Concrete  (CRC)  -  253,  263 

**Th«  resurfacing  strategy  code  Is  shown  in  Table  7.5 
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Table  7.4 


Information  Pertaining  to  the  Additional  Pavement  Sections 
Selected  as  Input  to  the  Model  (Continued) 


KouCt       Concract  Length  Surface     ADT     Age       RN       Year       Resurfacing  Strategy** 
Nuab«r     Nunber       mllea       Type*       vpd  Used     Input     a     b     c     d     e     f     g 


1-70  e 

7390 

6.6 

252 

12462 

13 

2125 

1983 

■■•a 

0 

0 

"'" 

"'' 

"' 

0 

0 

1-70  e 

7092 

5.8 

252 

12250 

15 

2126 

1985 

0 

0 

0 

0 

1-70  e 

7091 

0.7 

252 

12000 

14 

2135 

1983 

0 

0 

0 

0 

1-70  e 

6968 

7.3 

252 

17140 

15 

2032 

1983 

0 

0 

0 

0 

1-70  e 

6956 

3.7 

252 

20500 

16 

2015 

1986 

0 

0 

0 

0 

1-70  w 

7390 

6.6 

252 

12462 

13 

2072 

1986 

0 

0 

0 

0 

1-70  w 

7389 

4.8 

252 

12500 

13 

2001 

1985 

0 

0 

0 

0 

1-70  w 

7091 

0.7 

252 

12000 

14 

2025 

1986 

0 

0 

0 

0 

1-70  w 

6968 

7.3 

252 

17140 

15 

2068 

1986 

0 

0 

0 

0 

1-70  w 

6956 

3.7 

252 

20500 

16 

2072 

1986 

0 

0 

0 

0 

1-74  e 

6290 

6.3 

252 

3763 

18 

2071 

1986 

0 

0 

0 

0 

1-74  e 

6269 

5.3 

252 

3855 

15 

2118 

1985 

0 

0 

0 

0 

1-74  e 

6064 

6.0 

252 

5212 

19 

2021 

1986 

0 

0 

0 

0 

1-74  e 

5481 

5.8 

252 

6450 

20 

2012 

1984 

0 

0 

0 

0 

1-74  e 

5434 

5.4 

252 

6008 

20 

2052 

1983 

0 

0 

0 

0 

1-74  e 

4843 

3.5 

252 

8000 

22 

2067 

1983 

0 

0 

0 

0 

1-74  e 

4614 

7.5 

252 

5907 

22 

2089 

1935 

0 

0 

0 

0 

1-74  e 

4507 

5.8 

252 

8320 

23 

2019 

1984 

0 

0 

0 

0 

1-465   1 

5046 

2.5 

252 

36458 

21 

2032 

1986 

0 

0 

0 

1 

1 

1-465   1 

4710 

3.2 

252 

23889 

22 

2024 

1986 

0 

0 

1 

0 

0 

1-465  o 

5969 

1.3 

252 

23331 

19 

2027 

1985 

0 

0 

1 

0 

0 

1-465  o 

5483 

2.9 

252 

24110 

20 

2036 

1986 

0 

0 

1 

0 

0 

1-465  o 

5046 

2.5 

252 

36526 

21 

2026 

1985 

0 

0 

0 

0 

1 

1 

1-465  o 

4710 

3.4 

252 

21900 

22 

2029 

1985 

0 

0 

1 

1 

0 

0 

1-465  o 

4709 

1.2 

252 

38117 

22 

2023 

1984 

0 

0 

0 

0 

.i- 

1 

1 

*The  code  for  type  of  surface   or  pavement   Is: 

1.  Jointed  Reinforced  Concrete    (JRC)  -   252 

2.  Continuously  Reinforced  Concrete   (CRC)   •  253.   263 


**The   resurfacing  strategy  code   Is   shown   in  Table   7.5. 
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regression  equations  developed  for  each  interstate  route  and 
pavement  type.  Only  those  pavement  sections  exceeding  2000 
counts  per  mile  during  1982  were  considered  as  input  to  the 
optimization  problem. 

Table  7.5  shows  the  ADT  values  used  to  assign  the 
resurfacing  strategies  to  the  contract  sections  selected  for 
the  optimization  problem.  The  number  "1"  in  the  matrix 
implies  that  a  particular  resurfacing  activity  can  be 
assigned  to  the  pavement  section  being  considered  if  the 
current  ADT  is  within  the  range  shown  in  the  Table.  For  the 
purpose  of  this  study  the  annual  traffic  growth  factor  was 
assumed  to  be  4Z. 


Table  7.6  contains  the  percent  reduction  in  pavement 
distress,  initial  resurfacing  cost,  and  annual  pavement  rou- 
tine maintenance  cost  associated  with  each  feasible  resur- 
facing strategy  considered  in  this  study.  Table  7.7  con- 
tains the  input  parameters  for  the  optimization  model. 
Table  7.8  shows  the  relative  weights  assigned  to  the  perfor- 
mance factors  considered  in  the  model  for  the  first  year  as 
well  as  those  used  for  pavement  sections  entered  in  years  2 
through  5  of  the  analysis  period. 

Table  7.9  contains  the  budget  scenarios  as  well  as  the 
present   worth   of   budget   considered   in   this   study.   An 
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Table  7.8   Relative  Weights  Assign( 
Indicators  -  Interstate 

ed  to  Performance 
Formulation 

Perfomance 
Indicator 

Relative 

Weights  Assigned 

1st  Year 

2nd-5th  Year 

Roughness 
Pavement  Age 
Pavement  Condition 
Change  in  Roughness 

0.40 
0.10 
0.30 
0.20 

0.50 
0.15 

0.35 
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Interest  rate  of  6  percent  was  used  to  compute   the   present 
wor  th  of  budget  . 

Discussion  of  Results 
Optimal  Resurfacing  Program 

Table  7.10  presents  the  results  of  the  application  of 
the  contract  section  worth  optimization  model  by  summarizing 
the  pavement  contract  sections  that  were  selected  for  resur- 
facing under  budget  scenario  2.  Results  under  other  budget 
scenarios  are  included  in  Appendix  D.  The  symbol  '*'  indi- 
cates the  calendar  year  in  which  a  particular  resurfacing 
strategy  is  to  be  applied  at  each  pavement  contract  section. 
For  example,  contract  section  #1  was  selected  by  the  optimi- 
zation program  to  be  resurfaced  during  calendar  year  1984. 
The  resurfacing  strategy  'e',  which  corresponds  to  a  3" 
overlay,  was  assigned  to  this  pavement  section.  The  total 
project  cost  associated  with  this  pavement  section  using 
this  resurfacing  strategy  was  computed  as  follows: 

TPRC  -  ^^j^2,000  ^  4.6CLM  *  (1.06)-'  -  $2,257,214 
whe  re  : 


TPRC  -  total  project  resurfacing  cost  for  the 

entire  contract  section; 
CLM   -  center-line  miles  of  the  section. 


Table  7.10  Results  from  Contract  Section  Worth  Itodel  for  Budget 
Scenario  2:   Interstate  Highway  System 
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Saeclon 
(coded) 

1982     1 

Calendar  Year                             | 
1983     1    1984     1    198S    |    1986     | 

RaaurfacingI 
Activity*  1 

c              1 

Section 

Length 

1            1 

1*1               1                 1 

4.6 

2           1 

n/t            1 

5.8 

3           1 

a/s            1 

7.1 

4            I 

1*1               1                 I 

c              j 

3.7 

S           1 

1                 1        *      1  * 

c 

6.1 

6            1 

1                 1               1        * 

c 

6.4 

7           1 

•        1                 1               1 

e 

5.1 

8            1 

1                 1*1 

c 

6.0 

9            1 

1*1               1 

c 

3.7 

10          1 

1*1               1 

c 

4.1 

U 

1*1               1 

c 

4.4 

12 

n/« 

3.6 

13 

1*1               1 

c 

4.4 

14 

*        1                 1               1 

c 

3.7 

13 

1                 1*1 

c 

3.1 

16 

1*1               1 

c 

6.4 

17 

1                 1               1        * 

c 

6.1 

18 

1*1               1 

c 

1        3.7 

19 

1        * 

1           e 

1        ^'3 

20 

1*1                 1               1 

1           c 

1        2.9 

21 

1*1                 1               1 

1            c 

1        6.2 

22 

1                 1                 1*1 

1            c 

1        7.8 

23 

1*1                 1               i 

1           • 

1        5.3 

24 

1                 1                 1*1 

1           s 

1        ^'1 

Table  7.10  Results  from  Contract  Section  Worth  Model  for  Budget 
Scenario  2:   Interstate  Highway  System  (Continued) 
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Section 
(coded) 

Calendar  Year                             |    Resui^acl 
1982      1    1983      1    1984      |    1985    |    1986      |      Activity 

ng|    Section 
*|    Ungth 

23 

1                 1                 1               1        •        1            c 

1      3.7 

26 

1                 1                 II                 la/a 

1      5.2 

27 

II                 1               1*1 

1      4.4 

28 

1                 1                 1               1        *        1            • 

1      5.5 

29 

1                1                1              1       •       1           e 

1      4.4 

30 

1*1                1              1                1            * 

1      5.8 

31 

•        1                  1                  II                  1             a 

1      2.0 

32 

1                  1                  1               1                  1           »/• 

1      4.8 

33 

1                  1*1                1                  1             • 

1      7.3 

34 

*         1                  1                  II                 •!             • 

1      0.7 

35 

1                  1                  1               1        *        1             * 

1      6.6 

36 

*        1                  1                  II                  1             c 

1      3.5 

37 

1                 1                 1               1                 1          a/* 

1      5.3 

38 

1                 1*1              1                 1            a 

1      6.6 

39 

1                 1*1              1                 1            c 

1      2.7 

40 

1                 1                 1*1                 1            c 

1      5.8 

41 

1                1*1              1                1            c 

1      2.7 

42 

*        1                1                1              1                1            • 

1      3.2 

43 

1                 1                 1*1                 1            e 

1    s.a 

44 

1                 1*1              1                 1            • 

1      4.0 

45 

1                1*1              1                la 

1      4.4 

46 

*        1                1                11                1            c 

1      2.2 

47 

1*1                1              1                1            c 

1      3.7 

48 

*        1                1                II                1            c 

1      2.7 

Table  7.10  Results  from  Contract  Section  Worth  Model  for  Budget 
Scenario  2:   Interstate  Highway  System  (Continued) 
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Section                                   Calendar  Tear                              |    Rasurfaelngl    SecCloo 
(cedad)             1982      |    1983      |    1984      |    1983    |    1986      |      Activity'*'!    Length 

«9            1                1                1                1*1                1            e              1      3.3 

30           1                1                1                1*1                1           e              1      3.1 

51            1                1.1*1              1                1            c              1      3.3 

32            1                1                1                1              1        *        1       '    c              1      4.2 

33            1                1*1                1              1                1            c              1      1.7 

34            1        *        1                 1                 1               1                 1            a               1      4.4 

S3            1                 1                 1                 1               1        •        1            a               1      4.0 

36            1                 1                 1                 1*1                 1            •               1      5.8 

37            1        *        1                 1                 1               1                 1            e               1      4.3 

38            1                 1*1                 1               1                 1            •               1      6.4 

39            1                1*1                1              1                1            «              1      3.3 

60           1                1                1                1*1                1            c              1      9.2 

61            1                 1                 1*1               1              .    1            c               1      6.4 

62            1                 1*1                 1               1                 1            c               1      6.9 

63           1                1                1                1*1                1            e              1      6.4 

64            1        *        1                 1                 1               1                 1            c               1      0.4 

63            1                1                1                II                1          n/s            1      9.2 

66            1                1*1                1              i                1            e              1      3.3 

67            1                1*1                1              1                1            c              1      6.4 

68            1        •        1                 1                 1               1                 1            a               1      4.3 

69            1        *        1                 1                 1               1                 1            g               1      2.3 

70            1        *        1                 I.I               1                 1            <               1      3.7 

71            1                 1                 1                 1               1        *        1            a               1      1.6 

72            1                 1*1                 1               1                 1            •               1      3.2 

Table  7.10  Results  from  Contract  Section  Worth  Model  for  Budget 
Scenario  2:   Interstate  Highway  System  (Continued) 
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S«celoa                                   Calendar  Year                             |    Rasurfaclngl    Section 
(codad)            1982      1    1983      |    1984      j    1985    |    1986      |      Aetlvtey*  |    Ungth 

73            1                 1                 1                 1*1                 1            •              1      1 

7*            1                 1                 1                 II                 1          n/a            1      S 

7S            1                 1                 1                 II                 1          Q/a            1      4 

76            1                 1                 1                 1*1                 1            e              1      S 

77           1                1                1                1              1        *        1           e              1      I 

78            1                 1                 1                 1               1        *        1            e              1      3 

79            1                 1                 1                 1*1                 1            *               1      1 

80            1                 1                 1*1               1                 1            e              1      2 

81            1                 1     •            1                 1               1        *        1            «               1      1 

82            1                 1                 1                 1               1        *        1            e              1      5 

83            1                 1                 1                 1               1        •        1            c              1      3 

84            1                 1                 1                 1               1        •        1            c              IS 

85           1                1                1                1              1       *        1           c              1      3 

86           1                1                1                1              1        •        1           e              1      4 

87            1                 1                 1*1               1                 1            «              1      4 

88            1                 1                 1                 1*1                 1            e              1      4 

89            1                 1                 1                 1               1        •        1            c               1      3 

90            1                 1                 1                 1               1        *        1            a              1      3 

91            1                 1                 1                 1               1        *        1            c              1      4 

92            1                 1                 1*1               1                 1            e              1      4 

93            1                 1                 1                 1*1                 1            a              1      3 

94            1                 1                 1                 1               1        •        1            e              1      6 

9i            1                 1                 1                 1*1                 la              1      S 

96            1                 1*1                 1               1                 1            ,              1      0. 

Table  7.10   Results  from  Contract  Section  Worth  Model  for  Budget 
Scenario  2:   Interstate  Highway  System  (Continued) 
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Section                                   Calendmr  Year 

(coded)            1982     |    1983     |    1984     |    198S    |    1986 

Resurfacing 
Activity* 

Section 
Length 

97            1                 1                 1                 1*1 

e 

7.3 

98            1                 1                 1                 1               1        * 

e 

3.7 

99            1                 1                 1                 1               1        * 

c 

6.6 

100            1                 1                 1                 1*1 

c 

4.8 

101            1                 1                 1                 1               1        * 

e 

0.7 

102            1                 1                 1                 1               1        * 

e 

7.3 

103            1                 1                 1                 1               1        * 

c 

3.7 

104            1                 1                 1                 II 

n/s 

6.3 

lOS           1               1               1               II 

n/i 

5.3 

106            1                 1                 1                 II 

n/s 

6.0 

107            1                 1                 1                 II 

n/s 

5.8 

108            1                 1                 1                 II 

n/s 

5.4 

109            1                 1                 1*1               1 

e 

3.5 

110           1                1                1                II 

n/s 

7.5 

111            1                 i                 1                 1*1 

c 

5.8 

112            1                 1                 1                 1               1        * 

8 

2.5 

113            1                 1                 1                 1               1        * 

e 

3.2 

lU            1                 1                 1                 1*1 

e 

1.3 

115            1                 1                 1*1               1 

e 

2.9 

116            1                 1                 1                 1               1        * 

8 

2.5 

117            1                 1                 1                 1               1        * 

e 

3.4 

118            1                 1                 1*1               1 

S 

1      1-2 

Contracts    |      13        |        IS      |        22      |      22      |      31 
Miles        1      38.3    1        68. 6|        92.51    HI      |    128.8 

1           103 
439.7 

87,3 
83.5 

Note;    *  -  Indicates  the  year  the  sections  would  be  resurfaced 

■*■  -  see  Table  7.5  for  resurfacing  activity  code 

n/s  -  contract  section  not  selected  for  resurfacing 
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Since  the  pavement  section  was  selected  for  resurfacing 
in  the  third  year  of  the  analysis  period,  it  was  necessary 
to  adjust  the  base  year  cost  figures  to  be  representative  of 
the  cost  figures  that  can  be  expected  in  the  third  year.  In 
order  to  accomplish  this,  an  interest  rate  of  six  percent 
was  assumed. 

It  was  also  assumed  that  after  a  pavement  section  was 
rehabilitated  routine  maintenance  would  be  performed  in  sub- 
sequent years  to  avoid  expensive  rehabilitation  costs  in  the 
future.  For  the  pavement  section  considered  above,  the 
pavement  routine  maintenance  cost  during  the  third  year  was 
computed  as  follows: 


RMC  -  1^^  *  4.6CLM  *  (1.06)-^  -  $2,000 


whe  re  : 

RMC  "    routine  maintenance  cost  for  the  entire 

contract  section; 
CLM  -  center-line  miles  of  the  section. 


In  this  study  it  was  assumed  that  the  budget  estimates 
of  each  calendar  year  include  resurfacing  cost  as  well  as 
expenses  for  routine  maintenance.  As  the  IDOH  resurfacing 
and  routine  maintenance  funds  are  allocated  separately,  the 
budget  estimates  used  as  input  to  the   optimization   program 
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should  either  be  adjusted  to  reflect  routine  maintenance 
costs  or  routine  maintenance  activity  should  be  analyzed  as 
a  separate  analysis.-  The  present  version  of  the  model  con- 
siders both  sources  of  funding  as  a  combined  budget. 

The  corresponding  results  of  the  application  of  the 
roughness  reduction  optimization  model  under  budget  scenario 
2  are  summarized  in  Table  7.11.  The  results  under  other 
budget  scenarios  are  Included  in  Appendix  D. 


Optimal  Number  of  Miles  Resurfaced 

In  order  to  better  understand  the  results  of  the  optim- 
ization model,  a  series  of  graphs  can  be  developed  as  dis- 
cussed below.  For  the  purpose  of  illustration,  graphs 
corresponding  to  the  contract  section  worth  model  under 
budget  scenario  2  (see  Table  7.10)  are  discussed  here. 

Figure  7.9  shows  a  detailed  breakdown  of  the  number  of 
miles  resurfaced  by  year  of  the  analysis  period  using  budget 
scenario  2.  In  this  Figure  the  actual  sequence  in  which  the 
interstate  network  mileage  is  scheduled  for  resurfacing  is 
also  presented.  Each  bar  in  the  Figure  represents  a  year  of 
the  analysis  period.  With  the  exception  of  the  base  year, 
in  every  subsequent  year  the  bars  are  divided  into  three 
parts.  The  ordinate  for  the  lower  dashed  part  represents  the 
number  of  center-line  miles  scheduled  for  resurfacing  during 


274 


Table  7.11  Results  from  Roughness  Reduction  Model  for  Budget  Scenario 
2:   Interstate  Highway  System 


Section 
(cod«d) 

1982 

CalancUr  Year 
1    1983     1    1984      1    198S 

1    Rasurfaclng 
1    1986      1      Activity* 

Section 
Length 

1 

I        •        1 

1            t 

4.6 

2 

1                 1        * 

1           c 

S.8 

3 

1        *        1 

i           c 

7.1 

4 

* 

1            c 

3.7 

S 

1        *        1 

1            c 

1        6.1 

6 

1                 1        * 

1            c 

6.4 

7 

*        1                1 

1            c 

5.1 

8 

1        *        1 

1            c 

6.0 

9 

1        *        1 

1            c 

3.7 

10 

1        *        1 

1            c 

4.1 

11 

*        1                 1 

1           c 

4.4 

12 

1                 1      * 

1            c 

3.6 

13 

1        *        1 

1           c 

4.4 

14 

*        1                1 

1            c 

3.7 

15 

1                 1      * 

1            c 

5.1 

16 

1        *        1 

1           c 

6.4 

17 

1                 1      * 

1            e 

6.1 

18 

*        1                1 

1            c 

3.7 

19 

*        1                 1 

1           e 

4.5 

20 

• 

1           c 

2.9 

21 

* 

1            c 

6.2 

22 

1        *        1 

1            c 

7,8 

23 

* 

1            e 

5.3 

24 

1        *        1 

1            c 

4.1 

Table  7.11  Results  from  Roughness  Reduction  Model  for  Budget 
Scenario  2:   Interstate  Highway  System  (Continued) 
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Section 
(coded) 

1982 

Calandar  Tear 
1983  1  1984  1  1985 

1986 

Resurfacing  1  Secclon 
Activity*  1  Length 

25 

• 

e 

1   5.7 

26 

* 

c 

1   3.2 

27 

n/i 

1   4.4 

28 

1       1   * 

c 

1   5.5 

29 

1       1   * 

c 

1   4.4 

30 

*   1       1 

c 

1   5.8 

31 

* 

e 

1   2.0 

32 

n/« 

1   4.8 

33 

1       1   * 

e 

1   7.3 

34 

*   1       1 

e 

1   0.7 

35 

* 

c 

1   6.6 

36 

*   1       1 

c 

1   3.5 

37 

* 

c 

1   5.3 

38 

1       1   * 

e 

1   6.6 

39 

* 

1       1 

c 

1   2.7 

40 

* 

c 

1   5.8 

41 

* 

1       1 

1   2.7 

42 

* 

1       1 

1   3.2 

43 

1   *   1 

1   5.8 

44 

1       1   * 

1   4.0 

45 

1       1   * 

1   4.4 

46 

* 

1       1 

1   2.2 

47 

1   *   1 

c 

1   3.7 

48 

* 

1       1       1 

c 

1   2.7 

Table  7.11  Results  from  Roughness  Reduction  Model  for  Budget 
Scenario  2:   Interstate  Highway  System  (Continued) 
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Section              Calandar  Yaar             Raaurfaclngj  SacClon 
(codad)     1982   1  1983   |  198&   |  1985  |  1986     Activity-*-  {  Langth 

49     1       1       1*1      1       1     c      1   5.3 

50     1       1       1*1      1       1     c      1   3.1 

51     1       1       1*1      1       1     c      1   5.3 

52     1       1       1       1*1       1     c      1   4.2 

53     1       1*1       1      1       1     c      1   1.7 

54     1   *    1       1       1      1       la      1   4.4 

55     1       1       1       1      1   *    1     e      1   4.0 

56     1       1       1       1*1       1     a      1   S.8 

57     1       1       1    ■   !   *   1       1     e      1   4.5 

58     1       1*1       1      1       1     e      1   6.4 

59     i       1       1*1      1       1     «      1   5.3 

60     1       1       1*1      1       1     c      1   9.2 

61     1       1*1       1      1       1     c      1   6.4 

62     1       1*1       1      1       1     c      1   6.9 

63     1       1       1       1*1       1     c      1   6.4 

64     1   *    1       1       1      1       1     c      1   0.4 

65     1       1       1       1      1   *    1     c      1   9.2 

66     1       1*1       1      1       1     c      1   5.3 

67     1       1*1       1      1       i     e      1   6.4 

68     1       1*1       1      1       1     a      1   4.5 

69     1   •    1       1       1      1       1     g      1   2.5 

70     1       1       1       1      1    *   1     a      1   3.7 

71     1       1       1       1      1   *    1     e      1   1.6 

72     1       1       1       1*1       1     a      1   3.2 
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Table  7.11  Results  from  Roughness  Reduction  Model  for  Budget  Scenario 
2:   Interstate  Highway  System  (Continued) 


Sacclon 
(coded) 

Calendar  Year 
1982  1  1983  1  1984   |  1985  |  1986 

Reaurfaclng 
Actlvlty+ 

Section 
Length 

73 

1       1       1      1    * 

c 

1.2 

74 

1       1       1      1 

n/a 

5.5 

75 

1       1       1      1    * 

c 

4.4 

76 

1       1       1*1 

c 

5.2 

77 

1       1       1      1    * 

e 

1.7 

78 

1       1       1      1    * 

c 

3.3 

79 

1       1       1*1 

c 

1.4 

80 

1       1*1      1 

e 

2.5 

81 

1       1       1      1    * 

e 

1.4 

82 

1       1       1      1   * 

d 

5.4 

S3 

I       I       1*1 

c 

3.6 

84 

1       1       1      1    * 

c 

5.1 

85 

1       1       1      1    * 

c 

3.7 

86 

1       1       1      1    * 

c 

4.1 

87 

1       1       1      1   * 

c 

4.0 

88 

1       1       1    *   i 

a 

4.4 

89 

1       1       1      1    * 

c 

3.6 

90 

1       1       1      1    * 

a 

3.7 

91 

1       1       1      1    * 

c 

4.1 

92 

1       1       1      1    * 

e 

4.0 

93 

n/s 

3.3 

94 

n/8 

6.6 

95 

1       1       1      1    * 

e 

5.8 

96 

1*1       i      1 

a 

0.7 
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Table  7.11  Results  from  Roughness  Reduction  Model  for  Budget  Scenario 
2:   Interstate  Highway  System  (Continued) 


S«ctlon                                  Calendar  Year 
(coded)            1982      1    1983      |    1984      |    1965 

1986 

Rerjrfaclng 
A.  :ivlty* 

Section 
Langth 

97            1                 1                 1                 1 

n/a 

7.3 

98            1                 1                 1                 1 

* 

« 

3.7 

99            1                 1                 1                 1 

a /a 

6.6 

100            1                 1                 1                 1 

* 

c 

4.8 

101         1             1             1             1 

* 

e 

0.7 

102            1                 1                 1                 1 

n/a 

7.3 

103            1                 1                 1                 1 

n/a 

3.7 

104            1                 1                 1                 1 

n/a 

6.3 

105            1                 1                 1                 1 

n/a 

5.3 

106            1                 1                 1                 1 

n/s 

6.0 

107            1                 1                 1                 1 

n/s 

5.8 

108            1                 1                 1                 1 

* 

c 

5.4 

109          1              ;              1              1 

* 

c 

3.5 

110          1               1               1               1 

n/s 

7.5 

111            1                 1                 1                 1      * 

c 

5.8 

112            1                 1                 1                 1 

* 

g 

2.5 

113            1                 1                 1                 1 

* 

e 

3.2 

114            1                 1                 1                 1      * 

e 

1.3 

lis          1              1              1              1     * 

e 

2.9 

116            1                 1                 1                 1      * 

8 

2.5 

117            1                 1                 1                 1      * 

e 

3.4 

lis          1              1              1              1     * 

g 

1.2 

Contracts    |       13        |       16        1       18        |      26 
Miles        1      40.9    1      69.7    |      94.5    I    115 

31 

126.4 

104 
446.5 

88.1 
84.7 

Note:    •  -  Indicates  the  /ear  the  sections  would  be  resurfaced 

■f  -  aee  Table  7.5  for  resurfacing  activity  code 

n/a  -  contract  section  not  selected  for  resurfacing 
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the  calendar  year  in  question.  For  example,  in  calendar  year 
2,  the  number  of  center-line  miles  assigned  for  resurfacing 
was  68.6  for  this  particular  budget  scenario.  The  ordinate 
for  the  upper  dashed  part  corresponds  to  the  number  of 
center-line  miles  estimated  to  become  deficient  in  the  year 
in  question.  For  calendar  year  2,  the  number  of  center-line 
miles  expected  to  deteriorate  at  a  level  exceeding  the 
prescribed  roughness  threshold  value  is  26.7.  The  ordinate 
corresponding  to  the  entire  bar  represents  the  total  number 
of  deficient  center-line  miles  present  at  the  start  of  a 
calendar  year  in  question.  In  order  to  compute  the  number 
of  deficient  miles  carried  over  to  the  next  calendar  year, 
the  ordinate  corresponding  to  the  lower  dashed  part  is  sub- 
tracted from  the  entire  ordinate.  It  is  Interesting  to  note 
that  at  the  beginning  of  the  analysis  period  about  340 
center-line  miles  were  considered  deficient  and  at  the  end 
of  the  five  year  period  only  87.2  miles  (216.0  -  128.8)  were 
considered  deficient  and  carried  over  to  calendar  year  1987. 
The  Information  of  this  type  can  also  be  used  to  monitor  how 
many  center-line  miles  will  be  optimally  assigned  for  resur- 
facing in  any  calendar  year  for  the  budget  scenario  con- 
sidered . 
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Effect  of  Alternate  Budget  Scenarios 

In  order  to  investigate  the  effect  of  different  levels 
of  budget  on  the  effectiveness  of  resurfacing  programs,  the 
models  were  run  with  different  budget  levels  given  in  Table 
7.9.  Budget  Scenario  2  corresponds  to  the  normal  level  of 
budget. 


In  Figure  7.10  the  total  optimal  miles  resurfaced  under 
five  alternate  budget  scenarios  are  presented  for  the  two 
optimization  models.  Based  on  this  Figure  it  can  be  noted 
that  the  total  number  of  miles  selected  for  resurfacing  dur- 
ing the  five  years  by  the  two  models  under  a  particular 
budget  scenario  is  almost  identical.  This  Figure  is  a  good 
indication  of  the  stability  of  the  optimization  models 
developed  in  this  study.  It  can  be  noted  that  if  the  total 
budget  for  the  five  year  period  Increases,  the  total  optimal 
number  of  miles  resurfaced  also  increases  accordingly.  The 
reason  the  number  of  miles  are  not  identical  is  twofold. 
First,  some  pavement  sections  may  be  extremely  rough  and, 
based  on  roughness  number  alone,  the  roughness  reduction 
model  will  most  likely  select  these  sections  for  resurfacing 
with  the  most  expensive  resurfacing  strategy  in  order  to 
maximize  the  reduction  in  roughness.  On  the  other  hand,  for 
the  same  roughness  number  value,  if  the  pavement  section  is 
relatively  new  and  the  accumulated  traffic  is  not  as  high  as 


282 


OJ 

•a 

0 

•-i 

T. 

a 

T3 

x: 

0 

u 

z 

u 

0 

c 

3 

0 

•H 

C 

U 

0 

O 

•H 

3 

U 

13 

O 

HI 

01 

« 

en 

en 

u 

m 

u 

ID 

rt 

c 

u 

^ 

u 

00 

c 

3 

o 

0 

u 

cs 

f^ 


H — Mr 


•a 
u 

M 
3 
0] 
(U 

m 

0) 


U-l 

o 
u 

01 

-i 

3 

z 

0) 


03 
C 
OJ 

o 

CO 


-o 

3 

sa 


a 
o 


u 

« 

c 

u 
en 


01 

00 

T3 

3 
CO 


a 

OJ 


i) 

H 


0) 

u 

3 
OC 


o        o 
O  m 

m  -J- 


o         o 

O  LO 

-3-  m 


O  O  O 

O  LO  O 

m  CM  CNi 


O 


O 
O 


S3XTW  3UTi-a33U33    JO   jaquinN  ^BuiTijdo   T^^OX 


283 


compared  to  the  average  traffic  in  the  network  and  the 
overall  pavement  condition  is  also  above  average,  it  is 
unlikely  that  this  pavement  section  will  be  scheduled  for 
resurfacing  using  the  contract  section  worth  model.  This  is 
because  the  overall  improvement  that  can  be  achieved,  in 
terms  of  the  CSW,  is  less  than  that  for  a  very  old  pavement 
section  with  an  accumulated  ADT  above  average  for  that  par- 
ticular pavement  network  and  with  a  pavement  condition  below 
ave  rage  . 


Figure  7.11  shows  the  effect  of  the  total  budget  upon 
the  optimal  number  of  resurfacing  miles  and  the  percent  of 
deficient  mileage  resurfaced  during  the  five  year  analysis 
period  using  the  roughness  reduction  model.  Using  the 
budget  information  furnished  by  IDOH,  the  total  present 
worth  figure  of  $187  millions  is  the  approximate  budget 
expected  to  be  allocated  to  the  interstate  resurfacing  pro- 
gram during  the  five  years  considered.  Based  on  this  infor- 
mation, Indiana  can  be  expected  to  resurface  about  450 
center-line  miles  during  this  period  of  time.  This  would  be 
equivalent  to  resurfacing  about  85  percent  of  all  the  defi- 
cient center-line  miles  during  the  five  year  analysis 
period.  The  graph  in  Figure  7.11  indicates  how  many  addi- 
tional center-line  miles  can  be  resurfaced  to  improve 
optimally  the  overall  pavement   condition   during   the   next 
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five  years  if  the  budget  available  for  the  interstate  resur- 
facing program  is  increased.  For  example,  if  the  budget  is 
increased  10  percent,  the  corresponding  present  worth  is 
about  $205  millions  for  the  five  years  and  the  number  of 
center-line  miles  selected  for  optimal  resurfacing  program 
is  about  480.  This  is  an  increase  of  30  center-line  miles 
and  it  represents  a  program  that  would  resurface  about  92 
percent  of  the  deficient  mileage  during  the  analysis  period, 
an  increase  in  resurfacing  miles  of  7  percent  over  the  nor- 
mal budget  level. 

The  corresponding  results  using  the  contract  section 
worth  model  are  presented  in  Figure  7.12.  As  mentioned  ear- 
lier, the  aggregate  results  of  the  two  optimization  models 
are  very  similar  in  terms  of  the  total  optimal  number  of 
miles  to  be  resurfaced.  However,  on  a  contract  by  contract 
basis,  the  results  will  obviously  vary.  The  results  on  a 
contract  by  contract  basis  for  the  two  optimization  models 
are  Included  in  Appendix  D. 

Rate  of  Resurfacing  Per  Year 


In  order  to  better  understand  how  the  optimization 
model  selects  the  contract  sections  for  resurfacing  under 
different  budget  scenarios.  Figures  7.13  and  7.14  are 
presented.  In  Figure  7.13,  the  optimal  number  of  center-line 
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miles  expected  to  be  resurfaced  each  year  is  shown  for  three 
alternate  budget  scenarios  using  the  contract  section  worth 
model.  It  Is  interesting  to  note  how  the  slope  of  the 
mileage  curve  changes  from  year  to  year.  In  addition,  it  can 
be  noted  that  the  slopes  for  different  budget  scenarios  are 
not  the  same.  The  results  indicate  that  the  optimization 
model  selects  different  sets  of  deficient  sections  depending 
upon  the  budget  a'vailable  each  year  in  order  to  maximize 
reduction  in  pavement  distress.  In  other  words,  if  the 
budget  is  increased  to  a  higher  level,  a  pavement  section 
selected  for  resurfacing  during  a  given  year  under  the  ini- 
tial budget  scenario  may  be  disregarded  for  resurfacing  dur- 
ing that  year  and  carried  over  to  the  next  calendar  year  if 
another  pavement  section  is  encountered  that  can  further 
improve  the  objective  function  in  that  calendar  year.  For 
example,  the  results  from  contract  section  worth  model  can 
be  considered  under  budget  scenarios  1  and  4  (see  Figure 
7.13).  During  the  first  year  the  number  of  miles  resurfaced 
using  any  of  the  budget  scenarios  is  practically  the  same 
since  the  base  year  budget  was  the  same  for  all  scenarios. 
However,  during  the  second  year  the  number  of  miles  resur- 
faced under  the  lower  budget  scenario  4  was  obviously 
smaller  as  compared  to  budget  scenario  1.  The  rate  of 
increase  in  miles  of  resurfacing  was  much  higher  for  budget 
scenario  4  than  that  for  budget  scenario  1,  as  indicated   by 
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the  slopes.  Under  budget  scenario  1,  the  model  attempted  to 
resurface  the  most  deteriorated  sections  requiring  expensive 
resurfacing  strategies  in  order  to  achieve  the  highest 
effectiveness,  resulting  in  proportionally  less  resurfacing 
miles.  However  during  the  third  year,  as  the  worst  sections 
already  have  been  resurfaced,  the  number  of  resurfacing 
miles  during  this  year  sharply  increases  under  budget 
scenario  4,  as  indicated  by  the  steep  slope  between  1983  and 
1984.  However,  for  the  high  budget  scenario,  this  problem 
was  not  encountered  since  there  was  enough  budget  to  resur- 
face the  worst  alternatives  as  well  as  a  few  other  defective 
sect  i  ons . 

Optimality  of  the  Solution 


It  is  important  to  mention  that  the  solution  achieved 
by  this  procedure  is  not  entirely  integer  optimal.  However, 
the  solution  is  very  close  to  the  optimal  linear  programming 
solution.  Previous  research  studies  conducted  by  Industrial 
Business  Machines  (IBM)  in  the  application  of  integer  pro- 
gramming codes,  in  particular  those  which  are  based  on  the 
branch  and  bound  technique  as  used  in  this  research  project, 
have  shown  that  only  minimal  improvements  are  achieved  after 
the  problem  has  attained  at  least  97  percent  of  the  optimal 
LP  solution.  Beyond  this  level,  the  amount  of  computer  time 
required  to  obtain  an  Increase  in  optimality  by  even  a  small 
amount  Is  disproportionately  high  [85]. 
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In  Table  7.12  the  results  obtained  from  the  budget  sen- 
sitivity analysis  performed  on  the  two  optimization  models 
is  summarized.  It  can  be  noted  that  in  only  one  of  ten 
budget  scenarios  analyzed  the  first  feasible  integer  solu- 
tion was  less  than  97  percent  of  the  optimal  LP  solution. 
This  corresponded  to  budget  scenario  5,  contract  section 
worth  model,  and  it  was  94.5  percent  of  the  optimum  LP  solu- 
tion. The  fact  that  90  percent  of  the  times  the  first 
integer  solution  obtained  was  within  3  percent  of  the 
optimum  LP  solution  is  a  good  indication  of  the  robustness 
of  the  formulation  developed  in  this  study. 

Table  7.13  shows  the  zero-one  integer  solution  for  the 
roughness  reduction  model  under  budget  scenario  2.  The  %  LP 
optimum  shown  in  this  Table  was  also  plotted  against  the 
number  of  iterations  required  to  achieve  this  value.  This 
graph  is  shown  in  Figure  7.15.  In  this  particular  scenario, 
the  execution  of  the  optimization  program  was  stopped  after 
23701  iterations  when  the  fifth  feasible  integer  solution 
was  obtained.  It  can  be  noted  in  Figure  7.15  that  the 
increase  in  optimality  achieved  since  the  first  feasible  IP 
solution  is  minimal  as  compared  to  the  number  of  interations 
(pivots)  required  to  increase  the  solution  from  99.21  per- 
cent to  99.36  percent. 
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Table  7.13   Results  of  Zero-One  Integer  Solution  for 
Roughness  Reduction  Model  Under  Budget 
Scenario  2 


IP  Solution 

Branc 

h 

Pivot 

%    LP  opt 

=  =  -="=-  =  =  =  -  =  =  = 

=•  =  =  ""  =  =  -  =  = 

aass 

=i3  =  ssaaxa33ss 

ssasasaasaaa 

1527797.75 

26 

4430 

99.21 

1528457.25 

40 

11216 

99.26 

1528550. 75 

46 

14757 

99.26 

1529431.38 

57 

18590 

99.32 

1530011. 25 

63 

23701 

99.36 

LP  opt 


1539876.75 


%  LP  opt.  =  ,1?    Solution^   , „„ 
^P  Solution^^  ^°° 
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In  summary,  it  is  recommended  that  if  the  IP  solution 
achieved  using  the  proposed  procedure  is  within  3  percent  of 
the  optimal  LP  solution,  the  execution  of  the  program  should 
be  terminated. 

Detailed  Summary  of  Results  -  Contract  Section  Worth  Model 

Tables  7.14  (a)  through  7.14  (c)  show  a  detailed  sum- 
mary of  the  results  obtained  using  the  contract  section 
worth  model  under  budget  scenario  2.  Table  7.14  (a)  shows 
the  sequence  in  which  the  pavement  sections  are  entered  into 
the  analysis  as  well  as  the  rate  in  which  the  optimization 
model  selects  them  for  resurfacing  during  the  5-  year 
analysis  period.  The  total  number  of  deficient  miles 
present  at  the  beginning  of  each  year  is  also  included  and 
updated  each  calendar  year.  The  expected  budget  for  each 
calendar  year  as  well  as  the  percent  of  budget  allocated  by 
the  optimization  routine  is  also  included  in  this  Table. 

Table  7.14  (b)  shows  the  number  of  contract  sections 
and  the  corresponding  number  of  center-line  miles  selected 
for  resurfacing  during  each  calendar  year  according  to 
resurfacing  activity.  The  total  number  of  miles  resurfaced 
during  the  5-year  period  according  to  resurfacing  activity 
used  are  also  included  in  this  Table.  Pavement  resurfacing 
costs  and  routine  maintenance   costs   associated   with   each 
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resurfacing    activity    are    also     listed    in    this    Table. 

Table  7.14  (c)  shows  the  total  pavement  resurfacing  and 
routine  maintenance  costs  by  calendar  year  and  type  of 
resurfacing  activity  used.  The  %  of  available  budget  spent, 
with       and       without         pavement  routine        maintenance 

costs,  are  also  shown  in  this  Table  for  each  calendar  year. 
Total  pavement  expenditures  for  the  five  year  analysis  are 
also    summarized    according    to    resurfacing    activity    applied. 


Based    on    these    Tables,     the       following       remarks       can       be 


ma de  : 


1.  A  total  of  103  out  of  118  contract  sections  were 
selected  for  resurfacing  during  the  5-year  period. 
This  corresponded  to  about  440  center-line  miles  out  of 
the  527  miles  identified  in  this  study  as  deficient 
pavement  sections.  This  means  that  83.5  percent  of  the 
sections  identified  as  deficient  were  selected  for 
resurfacing  during  the  5-year  period  by  the  optimiza- 
tion   routine. 

2.  Over  90  percent  of  the  available  budget  was  assigned  in 
an    optimal    manner    during    the    entire     5-year    period. 


3.       Resurfacing    activities     'c'     and     'e'    were     the       most       fre- 
quently      selected       by     the     optimization    routine    since    96 
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out  of  the  103  contract  sections  selected  for  resurfac- 
ing were  assigned  either  one  of  these  two  activities. 
This  corresponded  to  417.4  miles  or  approximately  94 
percent  of  the  deficient  miles  considered  in  this 
study.  In  most  cases,  the  resurfacing  strategy 
selected  by  the  optimization  model  was  the  most  expen- 
sive of  the  three  feasible  rehabilitation  strategies 
pertaining  to  the  pavement  section  in  question.  Like- 
wise, it  was  the  resurfacing  alternative  that  contribute 
most  to  the  objective  function  value  of  the  contract 
section  worth  model. 


^'   The  remaining  10%  of  the  budget  over  the  five  year  analysis 
period  was  never  assigned.   It  can  be  recalled  that  the 
smallest  unit  for  resurfacing  established  for  this  study 
was  the  pavement  contract  section.   Therefore,  in  some 
cases,  during  a  given  calendar  year,  there  may  be  money  . 
left  sufficient  to  resurface  only  a  fraction  of  a  set  of 
contract  sections.   However,  this  was  not  done  by  the 
optimization  routine  since  it  was  not  feasible  to  resurface 
only  a  part  of  the  contract  section. 
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In  summary,  the  results  presented  in  Tables  7.10 
through  7.14  and  in  Figures  7.9  through  7.14  can  be  used 
by  highway  administrators  and  decision-makers  as  a  guide 
in  the  process  of  making  budget  requests  and  establishing 
resurfacing  priorities  for  pavement  networks  dur ing  a  given 
five-year  horizon. 


Verification  of  Results  -  Graphic  Interactive  Technique 

The  graphic  interactive  approach,  described  in  Chapter 
3,  was  used  to  verify  part  of  the  results  obtained  by  the 
optimization  routine.   It  should  be  noted  that  the  graphical 
method  can  only  be  used  to  verify  the  results  on  a  yearly 
basis  and  for  one  route  and  one  traffic   direction  at  a 
time.   In  order  to  show  the  application  of  the  graphical 
technique,  the  data  for  Interstate  65  North  for  1982 
calendar  year  were  selected. 

The  first  step  was  to  plot  the  performance  factors 
associated  with  each  pavement  contract  section  located  in 
a  particular  route  in  a  particular  year  against  a  common 
reference  point.   The  milepost  number  was  used  as  the 
common  reference  point  for  all  plots. 
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The  graphs  corresponding  to  four  of  the  performance  factors 
considered  in  this  study  namely,  roughness  number,  increase 
in  roughness,  pavement  age,  and  pavement  condition  index, 
for  Interstate  65  North  and  1982  calendar  year  are  shown  in 
Figures  7.16  (a)  through  7.16  (d). 

Based  on  Figure  7.16  the  following  remarks  can  be  made: 

1.  First,  the  results  shown  in  Figure  7.16  by  Itself  might 
be  misleading.  The  main  reason  is  the  tact  that  identi- 
cal roughness  number  readings  for  asphalt  and  concrete 
pavement  surfaces  actually  are  interpreted  differently 
at  the  time  of  using  this  number  for  establishing 
resurfacing  priorities.  For  example,  if  an  asphalt 
pavement  section  showed  a  roughness  reading  of  1400 
counts  per  mile  it  is  actually  considered  a  deficient 
pavement  section  whereas  a  concrete  pavement  section 
that  has  exactly  the  same  roughness  number  value  is 
considered  to  be  in  satisfactory  condition. 


2.   A  concrete  pavement  section  that  has   been   in   service 

for   12   years  may   be   considered   relatively  a   new 

pavement  whereas  an  asphalt  pavement  of  the  same  age 
under  s  imilar  traffic  and  climatic  conditions  may 
be  considered  an  old  pavement. 
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3.   It  is  not  possible  to  assess  the  roughness  level  of  pavement  sections 
from  roughness  number  measurements  taken  In  one  interstate  route 
without  comparing  these  measurements  with  those  from  the  entire  network. 
For  example,  the  range  in  roughness  number  for  one  interstate  route 
can  be  between  300  and  1200  counts  per  mile  whereas  in  another 
interstate  route  the  range  in  roughness  number  values  can  be  between 
900  and  3000  counts  per  mile.   Therefore,  the  resurfacing  decision 
can  not  be  made  on  a  route  basis  because  the  pavement  sections  located 
in  the  latter  route  are  in  more  needs  of  major  rehabilitation  as 
compared  to  the  first  route.   It  might  be  even  possible  that  within  a 
given  route  all  pavement  sections  are  in  satisfactory  condition  as 
compared  to  the  entire  pavement  network. 

In  summary,  an  attempt  to  use  the  results  shown  in  Figure  7.16 
without  prior  knowledge  of  other  pavement  characteristics  can  lead  to  a 
pcor  engineering  judgment  in  selecting  candidate  projects  for  resurfacing. 

In  order  to  be  able  to  use  these  data,  the  equivalent 
performance  index  (EPI)  curves  developed  in  this  study  for 
each  performance  factor,  pavement  type,  and  highway  class 
were  used  to  transform  each  of  the  performance  factors  into 
a  standard  scale  of  0  to  100.  The  value  of  0  represents  a 
very   poor  performance  for  the  factor  In  question,  while  100 
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represents  an  excellent  performance.  The  new  set  of  graphs 
generated  using  this  graphical  procedure  for  Interstate  65 
North  and  for  the  same  performance  factors  are  shown  in  Fig- 
ures 7.17  (a)  through  7.17  (d). 

The  pavement  condition  index  (PCI)  graph  (see  Figure 
7.17(d))  shows  the  three  pavement  sections  that  exceeded  the 
roughness  number  threshold  value  for  concrete  pavements  of 
2000  counts  per  mile  during  1982.  Since  pavement  condition 
information  was  not  available  for  the  remaining  pavement 
sections  within  this  route,  a  PCI  of  100  was  assumed.  This 
value  was  assumed  to  check  if  other  pavement  sections 
located  on  Interstate  65  North  are  in  worst  overall  condi- 
tion as  compared  to  these  three  sections  even  though  the 
highest  possible  PCI  was  assigned  to  them. 

At  this  stage,  if  no  other  performance  factors  are  con- 
sidered, a  pre-established  cut-off  value  can  then  be  plotted 
on  these  graphs  and  by  inspection  the  pavement  sections 
which  fall  below  the  cut-off  value  on  each  graph  can  be 
selected  for  follow-up  investigation.  These  pavement  sec- 
tions would  represent  the  deficient  pavement  sections  for 
that  particular  interstate  route.  For  this  particular  case, 
if  the  cut-off  value  is  set  to  20,  only  three  pavement  sec- 
tions should  be  followed  for  investigation  on  the' basis 
of   ro-ugnness  as   the   performance   factor.     jf  increase  in 
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RN  is  considered  as  the  performance  factor,  27  pavement 
contract  sections  can  be  considered  deficient.   On  the  other 
hand,  if  pavement  age  is  considered,  9  pavement  contract 
sections  can  be  identified  as  deficient.   At  this  stage, 
one  question  which  might  arise  is  what  performance  factor 
should  be  considered  as  the  primary  controlling  factor. 
Another  que'stion  may  involve  the  weighing  of  these  factors. 

In  order  to  be  able  to  answer  these  questions,  the 
overall  aggregated  weight  (OAW)  was  developed.  The  overall 
aggregated  weight  for  each  pavement  contract  section  within 
a  given  route  is  computed  by  multiplying  the  equivalent  per- 
formance Index  complement  (CEPI)  of  each  performance  factor 
by  its  corresponding  weight  (see  Table  7.8).  The  general 
equation  used  is  of  the  following  form: 


OAW  =■  CEPI  *  W   +  CEPI,  *  W,  +  CEPI   *  W 
a     a        b     b        c     c 

+  CEPI  *  W 
d     d 


(7.1) 


whe  re  : 


OAW   »  overall  aggregated  weight,  0  <  OAW  <  100; 

CEPI  •■  equivalent  performance  index  complement  for  factor 


3Q9 


in  question,  'a'  through  'd',  CEPi  -  100  -  EPI; 
W     »  relative  weight  assigned  to  each  performance  factor 

The  complement  EPI  was  used  in  the  computation  of  the 
overall  aggregated  weight  instead  of  the  EPI  in  order  to 
conform  to  the  requirements  of  the  objective  function.  The 
objective  function  was  formulated  as  a  maximization  of  the 
overall  weighed  reduction  in  pavement  distress.  For  this 
reason,  the  complement  of  the  EPI  appears  to  be  the  most 
appropriate  factor  for  such  formulation.  Using  this  graphi- 
cal procedure,  the  pavement  contract  sections  that  have  a 
high  CAW  are  considered  deficient.  The  relative  weights 
used  to  compute  the  OAW  are  shown  in  Table  7.8  presented 
earlier  in  this  chapter.  The  overall  aggregated  weights  for 
pavement  contract  sections  located  along  Interstate  65  North 
during  1982  are  plotted  in  Figure  7.18.  Based  on  Figure 
7.18,  and  setting  the  OAW  cut-off  value  to  60,  only  three  of 
the  pavement  contract  sections  located  along  Interstate  65 
North  are  considered  deficient.  This  corresponded  to  11.2 
center-line  miles  out  of  the  265  center-line  miles  located 
along  Interstate  65  North.  That  is,  approximately  4.3%  of 
the  pavement  mileage  within  this  route. 

The  overall  aggregated  weight,  as  defined  herein,  does 
not  take  into  account  the  effect  of  traffic.  The  effect  of 
traffic  is  considered  to  be   as   important   as   the   overall 
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Figure  7,18   Graphical  Analysis  of  Overall  Aggregated 
Weight  (OAW)  for  Interstate  65  North. 
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contribution  of  the  other  four  performance  factors  combined. 
In  order  to  incorporate  the  effect  of  traffic  into  the 
graphical  analysis,  the  contract  section  worth  (CSW)  was 
developed.  The  CSW  value  is  a  quantitative  measure  of  the 
overall  worth  of  each  pavement  contract  section.  The  CSW  is 
computed  by  multiplying  the  overall  aggregated  weight  (OAW) 
of  each  pavement  section  by  its  accumulated  traffic  (TADT) 
during  its  service  life.  The  equation  used  is  shown  below: 


CSW   -  TADT   *  OAW 
i        i       i 


(7.2) 


whe  re  : 


CSW    -  contract  section  worth  associated  with  pavement 

contract  section  i; 
TADT.   »  accumulated  directional  ADT  for  section  i  computed 

using  equation  3.1; 
OAW    =  overall  aggregated  weight  for  section  i  computed 

using  equation  7^1. 


The  contract  section  worth  values  for  pavement  sections 
located  along  Interstate  65  North  during  1982  are  plotted  in 
Figure  7.19.  The  range  in  contract  section  worth  values  for 
pavement  sections  located  on  Interstate  65  North  is  between 
20,000  and  450,000.  It  should  be  pointed  out  that  the  cut- 
off value  for  the  contract  section  is  different  as  compared 
to  the  OAW  cut-off  value.   This  is  because   the   accumulated 
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traffic  was  multiplied  directly  to  the  OAW  Instead  of 
transforming  it  to  a  common  scale  as  it  was  done  with  the 
other  performance  factors  considered. 


For  a  cut-off  value  of  400,000,  two  pavement  sections 
were  identified  as  deficient,  based  on  the  contract  section 
worth  definition.  These  are  located  approximately  93.5 
miles  and  114  miles  north  from  Kentucky-Indiana  State  Line. 
By  visual  inspection,  the  pavement  sections  are  approxi- 
mately 4.5  and  1.2  miles  long,  respectively.  It  should  be 
mentioned  that  the  first  pavement  section  was  one  of  the 
three  concrete  pavement  sections  that  had  a  roughness  number 
greater  than  2000  counts  per  mile  and  also  one  where  pave- 
ment condition  was  measured.  The  other  two  sections  were 
not  even  close  to  the  deficient  pavement  sections  obtained 
by  the  graphical  procedure.  Recall  that  in  order  to  compute 
the  CSW  for  the  remaining  pavement  sections,  the  pavement 
condition  rating  was  assumed  to  be  100.  In  other  words, 
even  though  a  PCI  of  100  was  assumed  for  all  the  remaining 
pavement  sections,  still  some  of  these  sections  showed  a 
greater  need  of  rehabilitation,  based  on  the  CSW  definition, 
as  compared  to  those  that  had  a  PCI  less  than  100  and  a 
roughness  number  greater  than  2000  counts  per  mile.  These 
results  show  the  importance  of  incorporating  all  the  perfor- 
mance factors  which  are   most   likely   to   predict   pavement 
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deterioration  into  the  optimization  model. 

Finally,  it  should  be  noted  that  traffic  by  itaelf  is 
not  a  good  parameter  to  base  resurfacing  decisions,  since  a 
pavement  section  may  have  either  a  very  high  accumulated 
traffic  or  a  very  high  current  ADT  and  still  may  have  low 
roughness  number  and  other  associated  performance  factors 
(see  Figure  7.20(a)  and  Figure  7.20(b)). 

The  graphical  procedure  described  in  the  previous  para- 
graphs was  applied  only  during  the  first  year  of  the 
analysis  period  and  for  only  one  Interstate  route  namely, 
Interstate  65,  and  for  one  traffic  direction,  northbound  lane. 
In  order  to  use  this  procedure  for  years  two  through  five, 
It  is  necessary  to  use  the  predicted  roughness  numbers  as 
well  as  the  predicted  values  for  other  parameters  such  as 
the  Increase  in  roughness  between  the  two  contiguous  years, 
accumulated  traffic,  and  so  on  for  different  routes  and 
traffic  directions  as  well. 


In  summary,  it  can  be  stated  that  the  combination  of  a 
graphical  approach  with  an  optimization  technique  is  a  very 
powerful  tool  which  can  be  Incorporated  as  a  part  of  the 
IDOH  pavement  management  system. 
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Figure  7.20  Graphical  Analysis  for 
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for  Interstate  65  North 
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CHAPTER  8 
SUMMARY,  CONCLUSIONS  AND  RECOMMENDATIONS  FOR  FURTHER  RESEARCH 

This  research  was  aimed  at  the  development  of  a  pro- 
cedure including  an  optimization  routine  that  can  be  used  by 
the  Indiana  Department  of  Highways  in  establishing  resurfac- 
ing priorities  under  limited  financial  resources.  The  pro- 
cedure was  primarily  developed  to  answer  questions  such  as: 

1.  What  existing  pavement  contract  sections  are  in  need  of 
repair  during  the  base  fiscal  year? 

2.  What  resurfacing  strategy  should  be  adopted  for  those 
contract  sections  already  selected  in  order  to  use  the 
available  budget  in  the  most  cost-  effective  manner? 

3.  How  many  additional  contract  sections  can  be  resurfaced 
if  the  budget  is  increased  by  a  specified  amount? 

4.  How  many  miles  will  these  additional  contract  sections 
represent  ? 

The  importance  of  using  the  pavement  contract  section 
as  the  decision  variable  was  recognized  at  the  initial 
stages  of  the  project.  Furthermore,  there  was  a  need  to 
establish  a  systematic  way  to  analyze  pavement  performance 
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data  that  the  State  has  collected  effectively  on  a   continu- 
ing basis  but  not  analyzed  so  far. 

The  data  analysis  procedure  developed  In  this  study 
Identifies  contract  sections  that  are  in  need  of  rehabilita- 
tion. The  optimization  model  then  assigns  the  appropriate 
resurfacing  strategy  for  rehabilitation  of  these  sections  in 
an  optimal  manner.  The  model  takes  into  account  future  rou- 
tine maintenance  costs  once  the  contract  section  is  chosen 
for  rehabilitation.  In  its  present  format,  the  optimization 
model  is  formulated  to  address  a  five-year  rehabilitation 
program.  However,  a  short  term  planning  horizon  can  be 
incorporated  with  relatively  minor  changes. 

Limitations  of  the  Optimization  Models 

The  optimization  model  developed  in  this  study  has 
several  limitations  which  should  be  considered  if  it  is  to 
be  used  as  a  part  of  Indiana's  pavement  management  program. 
These  limitations  are  described  briefly  in  the  following 
paragraphs  . 

A  rigorous  solution  of  the  integer  programming  formula- 
tion of  the  problem  consumes  a  great  amount  of  computer 
time.  This  difficulty  can  be  overcome  if  a  near  optimal 
solution  that  is  within  three  percent  of  the  optimal  linear 
programming  solution  can  be  used  as   the   final   output.   It 
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should  be  pointed  out  that  the  execution  of  the  optimization 
model  with  the  LINDO  computer  program  has  produced,  in  most 
cases,  an  integer  solution  that  has  met  this  criterion  in 
one  iteration.  Therefore,  great  savings  In  computer  time 
can  be  made  if  this  criterion  is  accepted  as  a  standard. 

The  criterion  used  in  this  study  to  select  a  resurfac- 
ing strategy  was  based  primarily  on  the  current  ADT  of  the 
pavement  section  in  question.  The  typical  resurfacing  stra- 
tegies used  by  IDOH  were  divided  into  three  categories 
depending  upon  the  ADT  of  the  pavement  sections  considered. 
This  procedure  relies  on  the  fact  that  in  the  design  of 
pavement  structures  traffic  plays  the  most  important  role. 

Since  the  critical  issue  is  to  rehabilitate  the  maximum 
number  of  pavement  sections  with  the  limited  budget  avail- 
able for  the  analysis  period  in  question,  the  proposed  pro- 
cedure assigns  the  resurfacing  strategies  in  such  a  way  that 
the  pavement  can  withstand  the  traffic  repetitions  at  least 
for  the  analysis  period. 


It  is  important  to  keep  in  mind  that  every  resurfacing 
strategy  assigned  to  each  pavement  section  is  adequate  for 
at  least  the  analysis  period  in  question.  However,  a  sec- 
tion resurfaced  during  a  given  5-year  period  may  need 
further  major  rehabilitation  in  the  next  analysis  period   if 
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the   resurfacing   strategy   selected  in  the  initial  analysis 
period  is  the  least  effective  of  the  feasible  strategies. 

It  is  desirable  to  include  an  overlay  design  algorithm 
as  a  part  of  the  pavement  management  system  envisioned  for 
the  state  highway  network  in  Indiana  rather  than  adopting 
only  typical  rehabilitation  strategies  practiced. 

For  the  purpose  of  incorporating  overlay  design  in  the 
decision  process,  it  is  necessary  to.  consider  an  appropriate 
design  method  such  as  the  AASHTO  Design  Method,  The  Asphalt 
Institute,  Corps  of  Engineers,  and  so  on.  A  subroutine  can 
then  be  written  to  generate  information  on  overlay  as  one  of 
the  strategies  that  can  be  included  as  input  to  the  pptimi- 
zation  program.  Although  this  task  was  not  in  the  scope  of 
the  present  study,  it  is  felt  that  an  overlay  design  algo- 
rithm is,  in  fact,  a  critical  part  of  any  pavement  manage- 
ment program. 

The  pavement  routine  maintenance  costs  included  in  the 
optimization  model  are  estimates  from  another  research  pro- 
ject currently  being  conducted  at  Purdue  [9'+].  It  should  be 
realized   that   these  cost  figures  are  estimates  of  a  sample 

of  pavement  sections  throughout  the   State   and,   therefore, 
should  be  treated  as  such. 
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The  performance  curves  developed  in  this  research  pro- 
ject for  pavement  roughness,  pavement  age,  and  change  in 
roughness  for  various  types  of  pavements,  were  generated 
using  performance  data  from  only  one  year,  1981.  In  future, 
these  curves  might  need  further  refinement  to  be  applicable 
to  the  current  condition  of  the  pavement  network,  at  the 
beginning  of  an  analysis  period  in  question. 

It  should  be  pointed  out  that  the  purpose  for  develop- 
ing the  performance  curves  and  the  equivalent  performance 
index  concept  was  to  consider  all  performance  factors 
Included  in  the  study  on  a  commensurable  scalar  basis  that 
can  be  easily  interpreted  by  the  decision-makers. 

In  so  far  as  the  weights  used  to  represent  the  impor- 
tance of  each  performance  factor  considered  in  this  study, 
it  should  be  noted  that  these  are  subjective  in  nature, 
selected  after  interviewing  the  members  of  Indiana's  Pave- 
ment Management  Task  Force.  In  future  years  these  perfor- 
mance weights  should  be  carefully  evaluated  and  adjusted. 

The  linear  regression  equations,  developed  for  each 
pavement  type  and  interstate  route  combination,  for  predict- 
ing roughness  numbers  for  years  1983  through  1986  were  based 
on  two  years  of  reliable  roughness  data,  namely  1979  and 
1981.   The  main   reason   for   using   the   linear   regression 
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approach  was  the  fact  that  roughness  measurements  made  dur- 
ing 1980  were  not  consistent,  In  most  cases,  with  the  rough- 
ness readings  made  in  1979  or  1981. 

It  is  recommended  that  the  roughness  number  device  be 
calibrated  on  a  routine  basis  and  that  the  roughness  meas- 
urements within  a  given  year  be  monitored  at  some  interval 
within  that  year  and  compared  to  previous  years  in  order  to 
detect  possible  calibration  problems  at  an  early  stage. 
Appropriate  machine  adjustments  can  then  be  made  before  it 
is  too  late  and  the  entire  data  set  for  that  particular  year 
is  lost. 

Recommendations  for  Further  Research 


The  major  reason  for  developing  an  optimization  model 
for  the  PMS  in  Indiana  was  to  have  a  systematic  tool  for  the 
management  of  resurfacing  activities.  The  optimization  rou- 
tine was  formulated  as  an  integer  programming  model.  The 
LINDO  computer  program,  which  uses  a  branch  and  bound  tech- 
nique, was  used  to  run  the  proposed  formulations.  An 
analysis  was  conducted  to  test  the  perfornaace  variables  and 
to  evaluate  the  coefficients  of  the  objective  function  as 
well  as  the  budget  constraint  coefficients.  From  this 
analysis,  it  is  possible  to  establish  resurfacing  priorities 
with  some  degree  of  accuracy. 
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A  major  lesson  learnt  in  the  process  of  development  of 
the  pavement  management  procedure  In  Indiana  is  that  a  con- 
cerned emphasis  should  be  placed  on  the  creation  of  a  cen- 
tralized data  base.  At  the  present  time,  each  Division  of 
the  IDOH  has  its  own  data  subsystem  and  there  is  a  lack  of  a 
common  denominator,  such  as  the  milepost  number,  through 
which  each  subsystem  can  be  linked  together. 

In  addition,  major  emphasis  should  be  placed  on  linking 
and  coordinating  the  Maintenance  Management  System  with  the 
Pavement  Management  System.  Both  systems  have  many  factors 
in  common  and  the  objectives  of  both  systems  can  be  effec- 
tively achieved  through  a  combined  program. 


One  of  the  critical  factors  in  the  success  of  a 
pavement  management  system  is  the  careful  formulation  of  the 
process.  Often  there  is  a  disagreement  among  engineers, 
researchers,  and  highway  managers  with  respect  to  the  course 
of  action  that  should  be  taken  to  rehabilitate  a  highway 
network.  The  disagreement  is  in  part  due  to  the  fact  that 
there  are  multiple  objectives  related  to  highway  pavement 
rehabilitation.  For  example,  the  objective  of  traffic 
engineers  and  planners  is  to  provide  the  best  highway  ser- 
vice possible,  while  highway  engineers  would  like  to 
preserve   the   pavement   condition   by  preventing  particular 
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types  of  distress.  From  the  management  point  of  view,  all 
objectives  are  important  and  the  available  resources  must  be 
used  optimally  so  that  the  objectives  of  service,  condition, 
and  safety  be  achieved  as  closely  as  possible.  In  this  con- 
nection, good  judgment  based  on  experience  will  always  be 
valuable  . 


There  is  a  misconception  that  a  PMS  requires  too  much 
data.  This  is  not  strictly  true.  Previous  research  studies 
in  this  area  have  shown  that  the  additional  benefits  which 
can  be  gained  by  including  all  possible  performance  vari- 
ables are  minimal  if  the  main  variables  are  already  included 
in  the  original  formulation.  For  example,  by  including 
roughness  and  pavement  condition  as  the  two  parameters  in 
the  computation  of  the  objective  function  coefficients,  the 
model  will  generate  almost  the  same  sections  that  it  would 
select  if  all  the  performance  factors  were  considered.  An 
analogy  to  this  point  of  view  is  the  original  development  of 
the  present  serviceability  concept.  In  the  original  PSI 
regression  model  the  pavement  roughness  contributed  to  over 
90  percent  of  the  total  variation.  At  that  time,  the  inter- 
state highway  system  was  being  started.  At  the  present  time, 
with  over  15  percent  of  the  interstate  highway  mileage  being 
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classified  In  "poor"  condition  a  need  for  pavement  condi- 
tion, evaluation  in  conjunction  with  roughness  number  is 
evident . 

For  these  reasons,  it  is  also  recommended  that  only 
those  factors  absolutely  necessary  for  centrally  located 
computerized  data  base  should  be  included.  Most  agencies, 
which  have  implemented  PMS ,  have  stressed  the  importance  of 
collecting  and  storing  only  relevant  data. 

There  is  a  need  for  further  research  in  stochastic 
characteristics  of  the  performance  variables  considered  in 
the  proposed  formulation.  The  work  performed  as  part  of 
this  study  showed  that  the  variability  in  roughness  can  play 
an  important  role  depending  upon  the  type  of  pavement  con- 
sidered and  the  age  of  the  pavement. 

There  is  also  a  need  for  standardized  techniques  for 
data  collection  and  measurements  so  direct  comparisons  can 
be  made.  Major  emphasis  should  be  placed  by  IDOH  on  the 
calibration  of  the  PCA  roadmeter  for  future  years  in  order 
that  the  data  can  be  effectively  used  for  predicting  termi- 
nal roughness  number.  Roughness  number,  pavement  condition, 
structural  evaluation,  and  skid  resistance  are  the  most 
important  parameters  regarding  how  well  a  highway  pavement 
serves  the  road  user.   However,  pavement  condition  and  pave- 
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ment-  roughness  are  Che  two  most  important  factors.  The  IDOH 
has  initiated  a  program  to  collect  pavement  condition  data 
for  only  those  pavement  sections  that  exceed  the  trigger 
numbers  associated  with  roughness.  It  is  recommended  that 
data  on  both  roughness  and  pavement  condition  be  collected 
on  the  entire  pavement  newtork  in  two  to  three  year  inter- 
vals and  that  both  factors  be  used  collectively  in  deciding 
what  pavement  segments  should  be  selected  for  resurfacing. 
There  may  be  a  pavement  section  that  is  rough  due  to  the 
texture  or  geometries  of  the  highway  and  still  be  in  excel- 
lent condition.  Roughness  number  value  by  itself  is  mislead- 
ing; therefore,  it  should  not  be  used  alone  for  recommending 
future  resurfacing  strategies. 


Finally,  there  is  an  increasing  trend  by  highway  agen- 
cies in  purchasing  automated  devices  that  can  measure  pave- 
ment performance  parameters  and  store  them  directly  into 
disk.  The  dynaflect,  PCA  roadmeter,  falling  weight  deflec- 
tometer  are  typical  examples.  These  devices  provide  the 
input  to  a  data  base  with  minimum  computational  time.  Along 
the  same  lines,  the  application  of  microcomputers  in  almost 
every  field  in  transportation  is  increasing  rapidly. 
Management  software  packages  are  readily  available  for  most 
microcomputers  in  the  market.  There  are  various  types  of 
computer  graphics  available.   More   and   more   agencies   are 
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using  computer  graphics  with  various  levels  of  sophistica- 
tion to  present  information  to  managers  and  decision  makers. 
There  are  optimization  programs  already  available  in  the 
market  for  solving  small  to  medium  scale  linear  programming 
problems  on  microcomputers.  It  can  be  expected  that  many 
agencies  will  make  the  transition  from  large  computers  to 
microcomputers  within  the  next  few  years.  There  will  obvi- 
ously be  a  need  for  developing  appropriate  computer  programs 
for  transferring  the  vast  source  of  information  already 
available  for  large  scale  computers  into  microcomputers.  It 
is  recommended  that  efforts  be  made  by  the  Indiana  Depart- 
ment of  Highways  to  develop  programs  executable  on  microcom- 
puters for  pavement  management  evaluation  and  rehabilitation 
purposes.  The  software  should  be  complemented  with  computer 
graphics  that  can  be  accessed  by  the  user  interactively  as 
an  op  t ion  . 

In  summary,  the  pavement  management  program  of  the  IDOH 
during  the  coming  years  should  include  the  development  of  a 
centralized  data  bank,  use  of  microcomputers  and  associated 
software  for  computer  graphics,  and  careful  application  of 
an  appropriate  optimization  algorithm  Including  an  overlay 
design  routine. 
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